Convergent Evolution of Biochemical Innovations in Polychaetes: Characterizing the Molecular Basis of Bioluminescence and Venom Production by Verdes Gorín, Aida E
City University of New York (CUNY)
CUNY Academic Works
Dissertations, Theses, and Capstone Projects Graduate Center
2-2018
Convergent Evolution of Biochemical Innovations
in Polychaetes: Characterizing the Molecular Basis
of Bioluminescence and Venom Production
Aida E. Verdes Gorín
The Graduate Center, City University of New York
How does access to this work benefit you? Let us know!
Follow this and additional works at: https://academicworks.cuny.edu/gc_etds
Part of the Evolution Commons, Genomics Commons, and the Marine Biology Commons
This Dissertation is brought to you by CUNY Academic Works. It has been accepted for inclusion in All Dissertations, Theses, and Capstone Projects
by an authorized administrator of CUNY Academic Works. For more information, please contact deposit@gc.cuny.edu.
Recommended Citation
Verdes Gorín, Aida E., "Convergent Evolution of Biochemical Innovations in Polychaetes: Characterizing the Molecular Basis of
Bioluminescence and Venom Production" (2018). CUNY Academic Works.
https://academicworks.cuny.edu/gc_etds/2544
  
CONVERGENT EVOLUTION OF BIOCHEMICAL INNOVATIONS IN POLYCHAETES: 
CHARACTERIZING THE MOLECULAR BASIS OF BIOLUMINESCENCE AND  
VENOM PRODUCTION 
 
 
by 
 
 
AIDA E. VERDES GORÍN  
 
 
 
 
 
 
 
 
A dissertation submitted to the Graduate Faculty in Biology in partial fulfillment of the 
requirements for the degree of Doctor of Philosophy, The City University of New York  
 
2018 
 
ii	
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
© 2018 
AIDA E. VERDES GORÍN  
All Rights Reserved 
 
iii	
 
Convergent Evolution of Biochemical Innovation in Polychaetes: Characterizing the Molecular 
Basis of Bioluminescence and Venom Production 
 
by 
 
Aida E. Verdes Gorín 
 
This manuscript has been read and accepted for the Graduate Faculty in 
Biology in satisfaction of the dissertation requirement for the degree of Doctor 
of Philosophy. 
 
 
Date  Dr. Mandë Holford 
Chair of Examining Committee 
Date  Dr. Cathy Savage-Dunn 
Executive Officer 
 
Supervisory Committee: 
Dr. David F. Gruber 
Dr. John S. Sparks 
Dr. Ana Riesgo Gil 
Dr. Dimitri D. Deheyn 
 
THE CITY UNIVERSITY OF NEW YORK 
 
iv	
ABSTRACT 
 
Convergent Evolution of Biochemical Innovations in Polychaetes: Characterizing the Molecular 
Basis of Bioluminescence and Venom Production 
by 
Aida E. Verdes Gorín 
 
 
Advisors: Dr. Mandë Holford and Dr. David F. Gruber 
 
The convergent evolution of phenotypic traits is a widespread phenomenon across the 
tree of life and is explained as the outcome of different taxa facing similar selective forces or 
environmental conditions. A longstanding question in evolutionary biology is whether the 
evolution of convergent phenotypes in unrelated lineages is driven by similar or different 
molecular processes. The research presented here investigates this question by characterizing the 
molecular basis of two biochemical innovations, bioluminescence and venom production, that 
have evolved independently in different lineages of polychaetes worms (Annelida). We use an 
integrative approach, combining next-generation sequencing, phylogenetics and computational 
tools to evaluate whether these two convergent traits are the result of similar genetic and 
molecular mechanisms in different lineages. We have generated a great amount of genomic 
resources that allowed us to investigate bioluminescence and identify candidate genes 
responsible for light production in three species of Syllidae (Chapters 2 and 3) and Polynoidae 
(Chapter 4), as well as a wide diversity of putative toxins in the transcriptomes of three 
Amphinomidae species (Chapter 5) and four Polynoidae species (Chapter 6). Our results provide 
a more comprehensive scenario to understand the molecular basis, gene expression patterns and 
evolution of bioluminescence and venom production in polychaetes, and suggest that convergent 
traits are generally the result of similar molecular mechanisms in unrelated lineages.   
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Chapter 1 
 
Chapter 1. Introduction to bioluminescence and venom production in polychaetes: two 
convergently evolved biochemical innovations. 
 
The convergent evolution of phenotypic traits is ubiquitous across the tree of life, and it is 
frequently explained as the result of different taxa facing similar selective pressures or adapting 
to similar environmental conditions. The camera-eyes of vertebrates and cephalopods (Ogura et 
al., 2004), the electric organs of fish (Gallant et al., 2014), or the wings of birds, bats and insects 
(Norberg, 1986) all represent classic examples of convergently evolved traits that illustrate how 
different non-related lineages often develop analogous solutions when faced with a similar 
problem (Pankey et al., 2014; Stern, 2013). A long-standing question in evolutionary biology is 
whether the evolution of convergent phenotypes is driven by convergent molecular processes 
(Berens et al., 2014; Pankey et al., 2014). Historically, convergent traits were thought to 
originate through the evolution of different genetic mechanisms in unrelated taxa (Stern, 2013). 
However, this traditional hypothesis has come into question with the advancement of next-
generation sequencing techniques that enable the collection and analysis of large-scale genomic 
and transcriptomic datasets to investigate the molecular mechanisms underlying the evolution of 
convergent traits. In fact, recent comparative transcriptomic analyses have revealed that 
convergent traits are the result of similar molecular mechanisms in independent lineages, 
whether the same genes and comparable expression levels (Ogura et al., 2004; Pankey et al., 
2014) or different genes but similar metabolic pathways and molecular functions (Berens et al., 
2014).  
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Annelids represent an excellent model system to investigate traits that have originated 
through convergent evolution. Commonly known as segmented or bristle worms, annelids are an 
ancient and ecologically important lineage of lophotrochozoans with more than 17,000 species 
described so far (Struck et al., 2011; Weigert and Bleidorn, 2016). Annelids can be found in a 
wide array of habitats including marine and fresh water, and very unique ecological niches such 
as deep sea hydrothermal vents and cold seeps or whale falls (Purschke et al., 2014; Rouse and 
Pleijel, 2001; Struck et al., 2011; Weigert and Bleidorn, 2016). A number of adaptive radiations 
throughout the evolution of the phylum Annelida have led to an extraordinary high species 
diversity and wide variety of body types, life strategies, feeding mechanisms and remarkable 
adaptations. Several of these adaptations have evolved independently in different lineages, 
including two striking biochemical innovations: bioluminescence and venom production 
(Haddock et al., 2010; von Reumont et al., 2014).  
Bioluminescence, the ability to produce light by living organisms, is a biological property 
that has evolved independently in numerous lineages across the tree of life (Haddock et al., 2010; 
Harvey, 1952). Bioluminescent light results from a chemical reaction involving the oxidation of 
a light-emitting molecule—luciferin—by a specific enzyme—luciferase (Shimomura, 2012). In 
some cases, the light-emitting substrate is strongly bound to the enzyme and oxygen, forming a 
very stable complex generally termed photoprotein, which generates light when it binds to a 
specific co-factor (Deheyn and Latz, 2009; Shimomura, 1985). The evolutionary origins of most 
bioluminescent systems are not clear, but the antioxidative properties of luciferin and its high 
reactivity with reactive oxygen species (ROS) has led some authors to hypothesize that 
bioluminescence first originated as a mechanism for reducing oxidative stress (Devillers et al., 
1999; Haddock et al., 2010; Labas et al., 2001; Rees et al., 1998). Exposure to oxidative stress is 
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reduced in the deeper parts of the ocean, and consequently, when marine organisms began to 
colonize the deep sea, the decreased selective pressure for antioxidative defense may have 
allowed a functional shift to the light-emitting function of luciferin (Rees et al., 1998) 
Bioluminescent forms are found in a wide array of taxonomic groups from bacteria to 
vertebrates, but the great majority of luminous organisms are marine taxa (Shimomura, 2012; 
Widder, 2010a). A recent study reported that 76% of more than 350,000 individuals observed in 
the water column were bioluminescent (Martini and Haddock, 2017). Around 10% of the 
observed organisms were identified as pelagic polychaete annelids, and the vast majority of them 
(93%) exhibited bioluminescence (Martini and Haddock, 2017). Within annelids, the ability to 
produce light has convergently evolved in several lineages, with almost 100 luminous species 
distributed in thirteen families of clitellates and polychaetes (Figure 1.1) (Verdes and Gruber, 
2017). The ecological diversity of bioluminescent annelids is remarkable, with species 
occupying a great range of habitats from terrestrial to marine ecosystems, from coastal waters to 
the deep sea, in benthic and pelagic habitats from polar to tropical regions. This outstanding 
taxonomic and ecological diversity is matched by the wide array of bioluminescent colors–
including yellow light emitters, which are extremely rare in marine environments–varying 
patterns and chemistries (Verdes and Gruber, 2017). The diversity of light colors and patterns 
indicates that bioluminescence in annelids might be associated with a variety of different 
functions, including intraspecific communication and defense (Bassot and Nicolas, 1995; 
Gouveneaux and Mallefet, 2013; Haddock et al., 2010; Oba et al., 2016).  
All these attributes make Annelida a very interesting and promising group for 
bioluminescence research. Nevertheless, knowledge of annelid luminescent systems is extremely 
scarce, with luciferin structures solved from just two species of earthworms, and no luciferases  
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Figure 1.1. Distribution and spectral diversity of bioluminescence in Annelida. Ovals indicate lineages with 
bioluminescent species and color of the oval matches the emission maxima of a representative species, shown to the 
right. Dashed-line ovals indicate lineages with dubious reports of bioluminescence. Visible light spectrum is shown 
at the bottom for reference. Image reproduced with permission from Verdes and Gruber (2017). 
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or photoproteins characterized so far at the molecular level. Likewise, very little is known 
regarding the biological and ecological functions of light production and the evolutionary origins 
of bioluminescent systems in different annelid lineages.  
Similar to light production, venoms, toxic biological secretions produced by one animal 
and delivered to another animal through the infliction of a wound, have evolved independently 
many times throughout the animal kingdom (Casewell et al., 2013; Fry et al., 2009). Animal 
venoms are composed of a mixture of bioactive compounds referred to as toxins, and represent 
one of the most complex biochemical natural secretions currently known (Norton and Olivera, 
2006; Vonk et al., 2013). Despite their complexity, there is a high degree of convergence in the 
basic molecular structure and targets of venom toxins throughout the animal kingdom, making 
venomous organisms a great model system to investigate an array of biological areas, including 
molecular evolution, functional convergence, structural biology and drug discovery (Casewell et 
al., 2013; Duda and Palumbi, 1999; Escoubas and King, 2009; Fry et al., 2009; Puillandre and 
Holford, 2010; Terlau and Olivera, 2004).  
Due to past technological constraints related mainly to collection techniques and sample 
quantity limitations, a handful of iconic venomous organisms including snakes and scorpions 
have been the predominant focus of venom research (Verdes et al., 2016). But more recently, the 
development of modern sequencing and analytical techniques have surmounted these challenges 
by applying interdisciplinary strategies that integrate biodiversity studies, next-generation 
sequencing technologies, proteomics and biochemical analyses of venom compounds. This 
strategy is often referred to as venomics and provides a robust framework that is greatly 
advancing knowledge on venom systems and allowing venom research to expand and include 
previously neglected venomous organisms such as annelids (Gorson and Holford, 2016; Richter 
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et al., 2017; Sunagar et al., 2016; Verdes et al., 2016; von Reumont et al., 2014). 
Venom has convergently evolved in several lineages of annelids for both predation and 
defense (Figure 1.2). However, annelid venom systems remain largely uncharacterized with few 
exceptions, including the salivary secretions of hematophagous leeches and the potent 
neurotoxins of predatory glycerid bloodworms (Glyceridae) (Amorim et al., 2015; Kvist et al., 
2016; Richter et al., 2017; Siddall et al., 2016; Thieffry et al., 1982; von Reumont et al., 2014). 
Leeches and bloodworms use toxins for feeding and predation. The salivary secretions of leeches 
include anticoagulants and antihemostatic toxins that assist during blood feeding preventing 
coagulation of the host tissue, while glycerid bloodworms use their potent venom to immobilize 
and kill prey (Kvist et al., 2016; von Reumont et al., 2014). But among annelids, there are also 
species that use toxins for defense, such as the earthworm Eisenia foetida, which expels its toxic 
coelomic fluid when threatened (Kobayashi et al., 2004). Similarly, many colorful reef-dwelling 
fireworms (Amphinomidae) deliver a painful sting which can produce strong skin irritation in 
humans, and is thought to be caused by a mixture of toxins including the inflammatory substance 
complanine, injected via the dorsal calcareous chaetae (Ahrens et al., 2013; Barroso et al., 2009; 
Borda et al., 2015; Nakamura et al., 2008; Wiklund et al., 2008). 
Despite the great potential of annelids as model systems to shed light into the origin and 
evolution of successful convergent adaptations, in particular bioluminescence and venom 
production, these processes remain largely unknown. However, recent advances in next-
generation sequencing, proteomics and computational methods, are leading to an exponential 
increase in our understanding of the molecular mechanisms underlying convergent phenotypes 
and their evolutionary origins. The research presented here contributes to this growing body of 
knowledge, and provides insights into the origin and evolution of bioluminescence and venom 
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Figure 1.2. Distribution of venomous species in the phylum Annelida. Ovals indicate lineages 
in which venomous or putatively venomous species have been reported. Cladogram based on 
phylogenetic reconstruction from Weigert and Bleidorn (2016). 
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production in annelids. This doctoral dissertation evaluates the hypothesis that these two 
convergent traits, bioluminescence and venom, are the result of similar genetic and molecular 
mechanisms in different annelid lineages, through an integrative approach combining 
phylogenetics, next-generation sequencing and computational tools.  
To accomplish this, we characterize the molecular basis of bioluminescence in Syllidae 
(Chapters 2 and 3) and Polynoidae (Chapter 4); and investigate venom composition in 
Amphinomidae (Chapter 5) and Polynoidae (Chapter 6). Specifically, in Chapter 2 we use 
phylogenetic methods to evaluate the natural history of Odontosyllis (Syllidae), which includes 
several bioluminescent species, and trace the origin and evolution of bioluminescence in the 
group. In Chapter 3, we employ a comparative transcriptomics approach to identify putative 
luciferase genes in two bioluminescent species: O. phosphorea and O. enopla. In Chapter 4, we 
use RNA-Seq data from luminous and non-luminous tissues of the polynoid Harmothoe areolata 
in a differential gene expression analysis to characterize genes related to bioluminescence. In 
Chapters 5 and 6, we follow an in silico venomics pipeline to identify putative toxins and venom 
proteins from the transcriptomes of three amphinomids (E. complanata, H. carunculata, P. 
jeffreysii) (Chapter 5) and four polynoids (B. pettibonae, Lepidonotopodium sp., H. areolata and 
H. imbricata) (Chapter 6) and identify groups of orthologous sequences to infer hypotheses 
about their biological function. The research presented here provides insights into the molecular 
mechanisms underlying the evolution of convergent phenotypes, and greatly contributes to our 
understanding of the molecular basis, gene expression patterns and evolution of bioluminescence 
and venom production in segmented worms. 
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Chapter 2 
 
Chapter 2. Molecular phylogeny of Odontosyllis (Annelida, Syllidae): A recent and rapid 
radiation of marine bioluminescent worms. 
Altered from: Verdes, A., Álvarez-Campos, P., Nygren, A., San Martín, G., Rouse, G., Deheyn, 
D. D., Gruber, D.F., Holford, M. 2017. bioRxiv, doi:10.1101/241570. 
 
2.1. Introduction 
The genus Odontosyllis is a lineage of marine annelids that has sparked the curiosity of 
many scientists during the last century because of its spectacular bioluminescent courtship 
displays (Figure 2.1) (Crawshay, 1935; Deheyn and Latz, 2009; Erdman, 1965; Fischer and 
Fischer, 1995; Gaston and Hall, 2000; Huntsman, 1948; Markert et al., 1961; Potts, 1913; 
Shimomura et al., 1963; Tsuji and Hill, 1983). Odontosyllis belongs to the family Syllidae, a 
diverse group of marine annelids present in nearly all marine benthic habitats and characterized 
by the proventricle, a specialization of the digestive tube (Aguado et al., 2012; Rouse and Pleijel, 
2001). The taxonomy and systematics of syllids is considerably complicated for several reasons. 
Arguably the most significant one, is that numerous key morphological characters traditionally 
used to identify species are homoplastic, and in many occasions they can been misinterpreted 
leading to erroneous species identifications (Álvarez-Campos et al., 2017a; Álvarez-Campos and 
Verdes, 2017). Additionally, although so far only two cases have been confirmed, pseudo-cryptic 
speciation might be common among syllids (Álvarez-Campos et al., 2017a, 2017b). As a result, 
the taxonomic status of many lineages is not clear and the current classification of numerous 
genera needs to be revised, preferably based on studies that combine thorough morphological 
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and molecular analyses (Álvarez-Campos et al., 2017b). The genus Odontosyllis is one of the 
various syllid lineages in need of a detailed systematic revision. 
 
Figure 2.1. Images of Odontosyllis and Eusyllis species. (A) Odontosyllis gibba, type species of the genus; (B) 
Odontosyllis fasciata; (C) Odontosyllis phosphorea, anterior end; (D) Odontosyllis sp.; (E) Odontosyllis suteri; (F) 
Odontosyllis sp.; (G) Odontosyllis enopla male, anterior end; (H) Bioluminescent display of female of Odontosyllis 
enopla; (I) Eusyllis blomstrandi, closely related bioluminescent species. Images courtesy of Arne Nygren (A, D–F), 
Fredrick Pleijel (B, I) and John Sparks (H). 
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Odontosyllis species are characterized by a combination of morphological characters 
including the presence of a well-developed occipital flap covering the posterior part of the 
prostomium (Figure 2.1) and a short pharynx with a few teeth directed backwards and flanked by 
two lateral plates (Fukuda et al., 2013; San Martin and Hutchings, 2006; Verdes et al., 2011). 
This unique pharyngeal armature referred to as a denticled arc, is considered the main diagnostic 
feature of the genus (San Martin and Hutchings, 2006). It might seem straightforward to identify 
Odontosyllis species based on this distinctive morphological characteristic, but many of the 55 
species that currently comprise the genus (WoRMS Editorial Board, 2017) correspond to single 
reports whose descriptions lack crucial information regarding the structure of the pharyngeal 
armature, hindering any revisionary efforts (Fukuda et al., 2013; Verdes et al., 2011).  
Additionally, identification to the species level is significantly difficult since many species have 
been described using different combinations of characters, and in several cases the descriptions 
are based on slight morphological variations (Fukuda et al., 2013).  
Several Odontosyllis species show an impressive bioluminescent display during 
reproduction, that has captivated humans since Christopher Columbus approached the Bahamas 
in 1492 (Crawshay, 1935). Bioluminescence has evolved independently in several annelid 
lineages (Haddock et al., 2010; Verdes and Gruber, 2017), including remarkable species like the 
deep sea Swima bombiviridis that releases luminescent “bombs” (Osborn et al., 2009) or the 
pelagic tomopterids that emit yellow light, an extremely rare color among marine luminescent 
taxa (Widder, 2010b). There are many other examples among the 98 luminous annelids reported 
so far, which occupy a variety of habitats from terrestrial to marine ecosystems, and display a 
wide range of bioluminescent colors associated with different functions, such as defense or 
intraspecific communication (Verdes and Gruber, 2017). In Odontosyllis, bioluminescent light is 
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used for mate attraction and acts as a swarming cue during reproduction. In the summer months, 
a few days after a full moon and shortly after sunset, the benthic marine worms leave the ocean 
floor and swim to the surface to reproduce. In most cases, females appear first and swim in 
circles while releasing gametes in a cloud of bright green luminous mucus that attracts the males, 
which dart towards the females to spawn (Galloway and Welch, 1911; Markert et al., 1961; 
Verdes and Gruber, 2017). This courtship ritual has been thoroughly described from a behavioral 
point of view (Fischer and Fischer, 1995; Gaston and Hall, 2000; Huntsman, 1948; Markert et 
al., 1961; Tsuji and Hill, 1983), but little is known about the basic chemistry of the 
bioluminescence system or the evolution of light production in Odontosyllis. Additionally, a 
recent study by Ellis and Oakley (2016) showed that lineages with bioluminescent courtship 
displays (including syllids) are more speciose and have significantly higher rates of 
diversification than their non-luminous sister groups. Because bioluminescence courtship is 
almost certainly a sexually selected trait, this study supports the longstanding theory that sexual 
selection promotes speciation at a macroevolutionary scale (Ellis and Oakley, 2016; Kraaijeveld 
et al., 2011).  
Thus, Odontosyllis is a very promising group to investigate a variety of questions ranging 
from the systematics of conflictive taxa, to the implications of key innovations such as 
bioluminescence in the speciation process. Nevertheless, the inference of species boundaries and 
phylogenetic relationships is fundamental for any systematic, ecological or evolutionary study 
and consequently, a robust phylogenetic framework of the genus Odontosyllis is a necessary 
backbone to explore any of the aforementioned questions. To clarify the evolutionary history of 
Odontosyllis and the closely related Eusyllis, we inferred phylogenies using DNA sequence data 
from nuclear marker 18S rRNA and mitochondrial markers 16S rRNA and cytochrome oxidase 
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subunit I from 63 Odontosyllis specimens, 13 Eusyllis and 35 outgroups. We followed both a 
gene concatenation approach using maximum likelihood (ML) and Bayesian inference (BI) 
analyses and a multispecies coalescent species-tree approach. We also used the concatenated 
dataset in a relaxed molecular clock Bayesian analysis to simultaneously estimate topology, 
divergence times and diversification rates. We discuss the taxonomical implications of our 
results and explore possible scenarios for the origin and evolution of light production and the 
role of bioluminescence courtship as a driver of speciation in Odontosyllis. 
 
2.2. Methods 
2.2.1. Sample collection 
Samples were collected in different biological surveys between 2012 and 2016 from a 
variety of substrates in intertidal and subtidal zones by hand, snorkeling or SCUBA diving. 
Information regarding collection dates, locality and substrates is listed in Table S2.1, Appendix 
1. Specimens were sorted in the field using light microscopy and fixed in 96% ethanol or 
RNAlater for morphological and molecular analyses. Prior to fixation, selected specimens were 
anaesthetized with 7% magnesium chloride buffered in seawater and photographed under a 
microscope. Further examination and identification was completed using a Nikon Optiphot light 
microscope with a differential interference contrast system (Nomarsky) at Universidad 
Autónoma de Madrid (UAM). 
 
2.2.2. DNA extraction, amplification and sequencing 
Genomic DNA was extracted using the DNeasy Blood & Tissue Kit (Qiagen), following 
manufacturer’s protocols. Fragments of the nuclear gene 18S rRNA (1720 bp), and the 
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mitochondrial 16S rRNA (609 bp) and cytochrome c oxidase subunit I (COI, 659 bp) were 
amplified by polymerase chain reaction (PCR). Three overlapping pairs of primers were used to 
amplify 18S rRNA: 18S1F-18S4R, 18S3F-18Sbi, and 18Sa2.0-18S9R (Giribet et al., 1996). 
Primers 16SarL and 16SbrH (Palumbi, 1996) were used to amplify 16S rRNA, and the modified 
primers with inosine jgLCO1490 and jgHCO2198 (Geller et al., 2013) were employed to 
amplify COI in all specimens. The PCR reactions consisted of 1 µL of DNA template in 25 µL 
reaction volumes containing 18 µL H2O; 5 µL of 59 USB buffer, 0.25 µL of each of 10 µM 
primers, 0.5 µL of 10 mM dNTPs, and 0.13 µL of 1.25 U/µL GOTaq DNA Polymerase 
(Promega). The temperature profile for the 18S and 28S rRNA nuclear markers was as follows: 
95 °C/120 s; (95 °C/30 s; 47 °C/30 s; 72 °C/180 s) 9 35 cycles; 72 °C/300 s; for 16S rRNA: 95 
°C/5 min; (95 °C/30 s; 45 °C/30 s; 72 °C/60 s) 9 35 cycles; 72 °C/10 min; and for COI: 95 °C/15 
min; (94 °C/30 s; 45 °C/70 s; 72 °C/90 s) 9 40 cycles; 72 °C/10 min. 1.5 µL of the PCR product 
was used for sequencing using the forward primer of the primers described above at the Servicio 
de Secuenciación Sanger, Unidad de Genómica (Universidad Complutense de Madrid) and at 
Genewiz Inc. (South Plainfield, NJ).  
Sequences were edited in Geneious v8.1.9 (Kearse et al., 2012), to remove primers from 
the three 18S rRNA fragments and merge the overlapping fragments into a consensus sequence. 
Multiple sequence alignments for the three different genes were built in the online server of 
MAFFT v7.310 under default parameters (Katoh and Standley, 2013). To remove poorly aligned 
positions and highly variable regions in the 18S rRNA gene, sequences were run in Gblocks 
v0.91b (Castresana, 2000) with all options for a less stringent selection selected. 
 
2.2.3. Phylogenetic analyses 
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Gene concatenation approach 
In order to assess the monophyly of Odontosyllis and the closely related Eusyllis, we 
analyzed the three molecular markers (18S, 16S and COI) in a total of 111 specimens (63 
Odontosyllis, 13 Eusyllis and 35 outgroups) following a gene concatenation approach using both 
maximum likelihood (ML) and Bayesian inference (BI). All mitochondrial and nuclear data sets 
were concatenated and the best-fitting model of sequence evolution was selected using the 
Akaike information criterion (AIC) in jModeltest 2 (Darriba et al., 2012). The best model for the 
concatenated data set was a general time-reversible (GTR) with gamma-distributed rates across 
sites and a proportion of invariable sites (GTR + G + I). Partitions for each of the markers were 
used in all subsequent phylogenetic analyses: for ribosomal markers, non-codon-specific models 
were used; and for COI, we used codon-specific models. ML analyses were run in RAxML v1.31 
(Stamatakis, 2006) using the GTR+G+I evolutionary model. Bootstrap support values were 
estimated using 1000 replicates and 10 starting trees (Stamatakis et al., 2008). BI analyses were 
run with MrBayes v3.2.1 (Ronquist et al., 2012) in the CIPRES Science Gateway v3.1 (Miller et 
al., 2010). Analyses were run with using the GTR+G+I evolutionary model, with four Markov 
chains that were started from a random tree, running simultaneously for 100 million generations, 
with trees sampled every 10,000 generations (samplefreq = 10000); the initial 25 % of trees were 
discarded as burnin (burninfrac=0.25) after assessing for convergence with Tracer v1.6.0 
(Rambaut and Drummond, 2013).  
 
Multispecies coalescent species-tree approach 
Preliminary analyses suggested topological discordance between mitochondrial and 
nuclear phylogenies, which might reflect the presence of incomplete lineage sorting (ILS). To 
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account for ILS we inferred the species tree under a Bayesian multispecies coalescent framework 
using *BEAST (StarBeast) (Heled and Drummond, 2010) as implemented in BEAST2 v2.4.6 
(Bouckaert et al., 2014). This method coestimates multiple gene trees embedded in a shared 
species tree, explicitly incorporating the coalescent process and the expected discordance among 
genes resulting from ILS (Heled and Drummond, 2010; Townsend et al., 2011). Separate and 
unlinked substitution models were defined for each gene, corresponding to the best-fitting model 
of sequence evolution selected by jModeltest 2 (Darriba et al., 2012). Linked tree and clock 
models were specified for the mitochondrial genes whereas separate unlinked tree and clock 
models were defined for the nuclear marker. We used an uncorrelated lognormal relaxed 
molecular clock and a strict molecular clock for the mitochondrial and nuclear genes 
respectively, with relative rates estimated and a Yule model as the species tree prior. Divergence 
time estimates were constrained by placing age calibrations priors as lognormal distributions on 
two nodes, based on fossil data (Phyllodocida = 485 ± 1.9 Ma and Goniadidae = 323 Ma) (Parry 
et al., 2014). The *BEAST analysis ran for 500,000,000 generations sampling every 50,000 and 
the first 10% of samples were discarded as burnin. We used Tracer (Rambaut and Drummond, 
2013) to assess convergence of parameter estimates and to verify that effective sample size 
(ESS) values were above 200 for all parameters after burnin was discarded. The resulting tree 
topologies, branch lengths and divergence times were summarized on a maximum clade 
credibility tree using TreeAnnotator v2.4.7 (Bouckaert et al., 2014). 
 
Divergence dating and diversification rate estimation 
To determine divergence times in syllid lineages we used the three loci concatenated 
dataset and run a Bayesian uncorrelated relaxed clock analysis with two fossil calibrations (as 
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defined above) in BEAST 2 v2.4.6 (Bouckaert et al., 2014). Evolutionary rates along branches 
followed an uncorrelated lognormal relaxed molecular clock for the mitochondrial markers and a 
strict molecular clock for the nuclear gene, with relative rates estimated and a Yule model as the 
species tree prior. The BEAST analysis ran for 300,000,000 generations sampling every 30,000 
and the first 10% of samples were discarded as burnin. Tracer (Rambaut and Drummond, 2013) 
was used to assess convergence and confirm ESS values were at least 200 for all estimated 
parameters after burnin was removed. The resulting tree topologies, branch lengths and 
divergence times were summarized on a maximum clade credibility tree using TreeAnnotator 
v2.4.7 (Bouckaert et al., 2014).  
 
Ancestral State Character Reconstruction 
To investigate the evolution of bioluminescence in the group we performed ancestral 
state reconstructions (ASR) on both time-calibrated ultrametric phylogenies generated, the 
BEAST dated tree and the species tree topologies. Bioluminescence was coded as a binary 
character (0: absence, 1: presence) for the species for which information was available and ASR 
was performed in Mesquite v3.31 (Maddison and Maddison, 2016) using equally weighted, 
unordered states. ML optimization was implemented under the Mk1 model, to identify the state 
at each node that maximizes the probability of the states observed in the terminal taxa (Pagel, 
1999). Outgroup representatives and species duplicates were excluded from the analyses. 
 
2.3. Results 
2.3.1. Phylogenetic analyses 
Gene concatenation approach  
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Final multiple sequence alignments included partial sequences of nuclear marker 18S 
rRNA (1720 bp after Gblocks) from 101 specimens, and mitochondrial genes 16S rRNA from 76 
specimens (609 bp) and COI from 86 specimens (659 bp). The best fitting model of sequence 
evolution for both nuclear and mitochondrial markers under AIC was the GTR + G + I. Both ML 
(Figure 2.2) and BI (Figure S2.2, Appendix 1) analyses of the three concatenated genes 
recovered a paraphyletic Odontosyllis, as Eusyllis kupfferi and E. blomstrandi are found nested 
within Odontosyllis (Figure 2.2). Since the two topologies obtained from the ML and BI analyses 
are almost identical, we present the ML tree with both bootstrap (BS) and posterior probabilities 
(PP) support values mapped on each node (Figure 2.2).  
Our analyses recovered a paraphyletic Odontosyllis, with two main well-supported clades 
labeled Clade 1 and Clade 2 in Figure 2.2. Clade 1 includes O. fulgurans, O. undecimdonta, three 
unidentified Odontosyllis species and two Eusyllis species: Eusyllis kupfferi and E. blomstrandi. 
Clade 2 groups all remaining Odontosyllis and includes the type species O. gibba (Figure 2.2). 
Within Clade 1, both analyses show strong support for a lineage that includes O. fulgurans, O. 
undecimdonta and three unidentified Odontosyllis. Within Clade 2, both analyses recovered a 
well-supported clade including the type species O. gibba and other species characterized by 
unidentate chaetae with long blades, including O. freycinetensis, O. globulocirrata, O. maculata 
(Figure 2.2). The clade comprising O. australiensis, O. cf. fulgurans and two unidentified species 
from Brazil and Indonesia (Odontosyllis sp4 and Odontosyllis sp5 respectively) was also well 
supported in both analyses along with a clade including O. enopla and seven undescribed 
Caribbean Odontosyllis (Figure 2.2). 
There were slight differences in the topologies recovered in the ML and BI analysis with 
regards to the relationships among species of Clade 2. In particular, the clade comprising O. 
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Figure 2.2. Phylogenetic relationships of Odontosyllis and the closely related Eusyllis inferred from the ML analysis 
of the concatenated dataset (18S rRNA, 16S rRNA and COI). The characteristic chaetae of supported clades are 
shown to the right. The type species O. gibba is marked in bold. Numbers below branches indicate bootstrap support 
values (BS > 75%) and posterior probabilities (PP > 0.90). Eusyllinae outgroups removed for clarity. 
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australiensis, O. cf. fulgurans and two unidentified species appears more closely related with the 
group of species with short bidentate chaetae in the ML tree (Figure 2.2) while in the BI 
topology this clade is more closely related with the group of species with unidentate chaetae and 
long blades (Figure S2.2, Appendix 1). Additionally, in the ML tree the clade including 
GenBank sequences from O. phosphorea and two unidentified Odontosyllis appears closely 
related with a clade including other O. phosphorea specimens, O. enopla and undescribed 
Caribbean Odontosyllis, whereas in the BI topology it appears more closely related with a group 
including O. guillermoi, and Odontosyllis sp4. Nevertheless, the conflicting nodes are weakly 
supported in both analyses and the overall results are otherwise very similar.  
 
Multispecies coalescent species-tree approach 
The topology of the Bayesian species-tree (Figure 2.3) is almost identical to that from the 
ML and BI analyses of the concatenated data (Figure 2.2 and Figure S2.2, Appendix 1). In 
contrast to the concatenation approach however, ILS is specifically modeled in the species-tree 
estimation. The topologies differ only in the position of a handful of species, including Eusyllis 
kupfferi and Eusyllis sp1 which in the ML and BI trees appear nested in Clade 1 and are sister to 
the lineage that includes the species O. fulgurans (Figure 2.2), whereas in the species-tree they 
are found within Clade 2 (Figure 2.3). The position of O. suteri is also different, being placed as 
the sister species to all other Clade 2 taxa in the ML and BI trees (Figure 2.2), whereas in the 
species-tree is the sister lineage of the group of Odontosyllis with short bidentate blades (Figure 
2.3). The topologies also differ in the placement of Odontosyllis sp7, which in the species-tree is 
closely related to Odontosyllis cf. fulgurans, and Odontosyllis sp4 (Figure 2.3), while in the ML 
and BI trees is nested with O. enopla and other undescribed Caribbean Odontosyllis (Figure 2.2).  
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Despite some topological differences with the ML and BI trees, the two main clades 
(Clade 1 and Clade 2) are also recovered in the species-tree, although these groups are not well 
supported (Figure 2.3). The clade including the species O. fulgurans, O. undecimdonta and three 
unidentified Odontosyllis is also recovered with weak support, whereas the clade comprising the 
type species O. gibba and the rest of Odontosyllis with unidentate chaetae and long blades, 
including O. freycinetensis, O. globulocirrata and O. maculata is also recovered with strong 
support (Figure 2.3). 
 
Figure 2.3. Bayesian multispecies coalescent species-tree of Odontosyllis and the closely related Eusyllis. The 
characteristic chaetae of supported clades are shown to the right. The type species O. gibba is marked in bold. 
Numbers below branches indicate posterior probabilities (PP > 0.80). Eusyllinae outgroups removed for clarity. 
 
2.3.2. Divergence dating and diversification rate estimation  
 The BEAST2 time-calibrated tree topology is almost identical to that recovered in the 
ML and BI analyses, although the support is increased for nearly all nodes (Figure 2.4 and Figure 
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S2.3, Appendix 1). In this Bayesian analysis of the concatenated dataset, we estimated 
divergence times for the four Syllidae subfamilies along with several Eusyllinae lineages. Our 
results suggest that the family Syllidae is an old lineage of annelids that appears to have diverged 
in the Ordovician-Silurian boundary during the Paleozoic (Figure 2.4). Out of the four syllid 
subfamilies, Syllinae appears to be the oldest lineage, with an estimated divergence during the 
Silurian (425.9 Ma), followed by Autolytinae which is estimated to have diverged during the 
Triassic (235.9 Ma) and Eusyllinae, during the Jurassic (166.6 Ma). The subfamily Exogoninae 
seems to be the youngest syllid lineage, having diverged during the Cretaceous (83.44 Ma) 
(Figure 2.4).  
 Interestingly, the speciation process in Odontosyllis and other Eusyllinae genera appears 
to be very recent in comparison with genera from other syllid subfamilies, including Exogoninae. 
For instance, while many Odontosyllis species appear to have diverged in the Neogene, during 
the Cenozoic (asterisks in Figure 2.4), Trypanosyllis (Syllinae) species diverged in the Permian, 
whereas Branchiosyllis and Megasyllis (Syllinae) diverged in the Cretaceous (Figure 2.4). 
Species of the Autolytinae genera Myrianida, Epigamia and Proceraea appear to also have 
diverged in the Cretaceous, during the Mesozoic (Figure 2.4). Although the subfamily 
Exogoninae is estimated to have diverged more recently than Eusyllinae, species diversification 
seems to have started earlier than in Eusyllinae genera, specifically during the Paleogene (Figure 
2.4). However, this last result is unclear due to apparent non-monophyly of the Exogoninae 
genera included in the analysis.  
In addition, the time-calibrated phylogeny allowed the implementation of an 
uncorrelated, lognormal relaxed clock model to estimate the branch-specific substitution rates 
among Eusyllinae lineages (Figure 2.5). The branches of the time-calibrated phylogeny are  
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Figure 2.4. Time-calibrated phylogeny of major lineages of Syllidae inferred through Bayesian analyses of the 
concatenated dataset. Estimated divergence dates for the four subfamilies are specified in millions of years (Ma) and 
the corresponding geological periods are indicated at the bottom. Asterisks denote two recent and rapid speciation 
events in Odontosyllis. 
 
colored according to the estimated diversification rates in number of substitutions per site per 
year in Figure 2.5. Interestingly, the majority of the highest diversification rates are associated 
with lineages that include bioluminescent species. For instance, the highest rate was estimated to 
be 1.45E-7 substitutions/site/year and is associated with a clade including O. enopla, O. 
phosphorea and several Caribbean Odontosyllis with bioluminescent courtship (Figure 2.5). 
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Figure 2.5. Diversification rates in Eusyllinae lineages. Time-calibrated phylogeny with branches colored according 
to substitution rate (substitution per site per year). Highest diversification rates are shown next to the corresponding 
node (in substitutions per site per 10 million years). Bioluminescent species are highlighted in green and Eusyllinae 
outgroups are removed for clarity. 
 
2.3.3. Ancestral state character reconstruction 
The results from both ASR analyses using the *BEAST multispecies coalescent species-
tree and the BEAST2 time-calibrated tree, support that bioluminescence was the ancestral state, 
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lineages (Figure 2.6). Both ML reconstructions suggest with high probability (0.73 in BEAST2 
tree and 0.71 in species-tree) that bioluminescence evolved once within Eusyllinae, with 
secondary losses in several lineages. With regard to Odontosyllis both ASR analyses also show 
strong support for a single origin of bioluminescence, with a high probability that the ability to 
produce light was the ancestral state for the group (0.71 in the species-tree and 0.83 in the 
BEAST2 tree) (Figure 2.6).  
 
Figure 2.6. Maximum likelihood ancestral state reconstruction of bioluminescence in Eusyllinae lineages. (A) 
Reconstruction based on the BEAST2 time-calibrated phylogeny; (B) Reconstruction using the multispecies 
coalescent species-tree. Outgroups and species duplicates excluded from the analyses. 
 
2.4. Discussion 
2.4.1. Phylogenetic analyses and taxonomical implications 
Preliminary analyses of the molecular data suggested topological discordance between 
mitochondrial and nuclear phylogenies, which can indicate the presence of incomplete lineage 
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sorting (ILS), a process by which ancestral polymorphisms are retained through speciation 
events, and might compromise concatenated phylogenetic analyses (Philippe et al., 2011; 
Townsend et al., 2011). Thus, in addition to gene concatenation, we used Bayesian multispecies 
coalescent methods to coestimate multiple gene trees embedded in a shared species tree, 
explicitly incorporating the expected discordance among gene trees resulting from ILS (Heled 
and Drummond, 2010; Townsend et al., 2011).  
All the phylogenetic analyses completed in this study recovered a paraphyletic 
Odontosyllis, with some species of the closely related genus Eusyllis nested within (Figures 2.2 
and 2.3). Despite some conflictive nodes, all methods recovered two main clades, Clade 1 and 
Clade 2, with strong support in the gene concatenation analyses (Figure 2.2) but not well 
supported in the species-tree (Figure 2.3). Within Clade 2, all analyses recovered a well-
supported lineage that includes O. freycinetensis, O. cf. gibba, O. globulocirrata, O. maculata 
and the type species O. gibba and thus, this lineage would represent the taxonomically valid 
Odontosyllis. (Figures 2.2. and 2.3). Initial morphological examination showed that this Clade 2 
lineage is comprised by species with unidentate chaetae and long blades, not found in other 
lineages.  
Although the resulting topologies are overall similar, they differ in the placement of some 
species and the support values are increased in the trees derived from the gene concatenation 
approach. These topological incongruences between gene concatenation and species-tree 
methods and the low support values in the species tree are indicative of conflicting gene 
topologies, likely due to ILS. Gene concatenation analyses showed stronger support than species-
tree methods, however, ILS is not considered in analyses of concatenated data and can result in 
inconsistent phylogenetic estimates and high support for an incorrect topology (Kubatko and 
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Degnan, 2007; Kutschera et al., 2014). Species-tree methods on the other hand, explicitly 
incorporate the expected discordance among genes and have been shown to provide more 
accurate estimates of the species tree than concatenation analyses (Heled and Drummond, 2010; 
Lambert et al., 2015; Maddison and Knowles, 2006). Unfortunately, our species-tree shows weak 
support in most nodes and consequently, given the inconsistencies of the phylogenetic analyses 
and the lack of distinctive morphological features identified in the supported lineages, we do not 
consider it appropriate to take any taxonomic action until new material is available for molecular 
study and more thorough morphological analyses can be completed.  
 
2.4.2. Divergence dating analyses  
Our time-calibrated phylogeny suggests that Syllidae is an ancient group of annelids that 
must have diverged in the Ordovician-Silurian boundary during the Paleozoic (Figure 2.4). This 
estimation would place the divergence of syllids approximately 50 million years before the 
oldest unequivocal phyllodocidan fossils known, which correspond to the Middle Devonian 
(Farrell and Briggs, 2007) and much older than the first appearance of many phyllodocidan 
families in the Carboniferous (Parry et al., 2014). However, Parry et al. (2014) suggest that this 
collection of phyllodocidan fossils from the Carboniferous is likely due to favorable taphonomic 
conditions rather than a true Carboniferous radiation of phyllodocidans.  
The Eusyllinae lineage is estimated to have diverged during the Jurassic and it appears to 
have radiated into several lineages during the Cretaceous (Figure 2.4), including the Odontosyllis 
lineages identified as Clade 1 and Clade 2 in the phylogenetic analyses. The speciation process in 
the Eusyllinae lineages seems to be more recent than in lineages from other syllid subfamilies, 
and Odontosyllis specifically, seems to have split into several lineages over a relatively short 
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period of time (see short internal branches in Figure 2.4). This pattern of rapid branching, 
characteristic of speciation events closely spaced in time, has probably resulted in incomplete 
lineage sorting (Townsend et al., 2011). This is consistent with our phylogenetic results, which 
show a lack of phylogenetic signal, leading to short internal branches that are difficult to resolve 
(Philippe et al., 2011). 
 
2.4.3. Origin and evolution of bioluminescence in Odontosyllis 
It is well known that many species of Odontosyllis are luminous (Figures 2.1A, C, G, H), 
but there are also reports of bioluminescent species in other Eusyllinae genera including Eusyllis 
(Figure 2.1I) and Pionosyllis (Haddock et al., 2010; Verdes and Gruber, 2017; Zörner and 
Fischer, 2007). Our ancestral state reconstruction analyses tracing the evolution of 
bioluminescence in Eusyllinae suggest that the capability to produce light evolved once within 
the group and was present in both the most recent common ancestor of extant Eusyllinae 
lineages, and the most recent common ancestor of Odontosyllis (Figure 2.6).  
Several Odontosyllis species display a bioluminescence courtship ritual, in which light is 
used for mate attraction and functions as a swarming cue during reproduction (Gaston and Hall, 
2000; Tsuji and Hill, 1983; Verdes and Gruber, 2017). A recent study showed that linages with 
bioluminescent courtship displays are associated with higher species richness and faster rates of 
species accumulation than non-luminous relatives (Ellis and Oakley, 2016). The time-calibrated 
phylogeny allowed us to estimate the lineage-specific speciation rates in luminous syllids, 
showing that faster rates of diversification are associated with lineages that include 
bioluminescent species (Figure 2.5). For some Odontosyllis species such as O. ctenostoma or O. 
polycera there is only a handful of reports documenting the capability of the worms to glow, and 
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whether they use bioluminescence for courtship is not clear. However, the fastest speciation rate 
estimated in our analyses (1.45E-7 substitutions/site/year) corresponds to a lineage that includes 
O. phosphorea and O. enopla, two species with well-known luminous courtship rituals, in 
addition to other Caribbean undescribed species that also use light for courtship (personal 
observation) (Figure 2.5). Our results suggest that the origin of bioluminescent courtship might 
be associated with an increase in speciation rates, potentially leading to higher species richness 
in luminous courting syllids. Our findings are in line with Ellis and Oakley (2016) and provide 
further support to the theory that sexual selection increases speciation rates at a 
macroevolutionary scale (Ellis and Oakley, 2016; Kraaijeveld et al., 2011).  
 
2.5. Conclusion  
In conclusion, Odontosyllis seems to have undergone a recent rapid radiation, possibly 
triggered by the origin of bioluminescent courtship, which would increase speciation rates and 
lineage divergence through sexual selection (Ellis and Oakley, 2016; Kraaijeveld et al., 2011). 
This rapid radiation has led to ILS, causing topological incongruences between gene trees, and 
between trees inferred from gene concatenation and coalescent-based methods, as well as low 
support values in the species-tree.  
Despite these inconsistencies, all analyses clearly show that Odontosyllis as currently 
delineated is a paraphyletic group and needs to be reorganized to reflect evolutionary 
relationships. However, our results also indicate that the genetic markers employed have low 
phylogenetic signal, leading to short internal branches difficult to resolve, and therefore we 
consider that additional phylogenetically informative molecular markers and a thorough 
morphological examination are necessary requirements to take any taxonomic action.  
 
30	
Our study further highlights the importance of evaluating different phylogenetic 
reconstruction methods to avoid systematic classifications that reflect incongruent or inconsistent 
species trees and that might lead to conflictive diagnostic characters, confounding taxonomic 
efforts. 
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Chapter 3 
 
Chapter 3. Characterization of the putative Odontosyllis luciferase through comparative 
transcriptomics of luminous and non-luminous syllids (Annelida, Syllidae). 
 
3.1. Introduction 
 Bioluminescent systems have evolved independently in numerous lineages across the tree 
of life, but in all cases, light is generated through a chemical reaction involving the oxidation of a 
light-emitting molecule generally called luciferin, by a specific enzyme, referred to as luciferase 
(Haddock et al., 2010; Shimomura, 2012). In some cases, the luciferin is tightly bound to 
luciferase and oxygen, forming a photoprotein that produces light when it binds to a co-factor 
(Deheyn and Latz, 2009). Although all luminescent systems convert the chemical energy of an 
oxidation reaction into light, their independent evolutionary origins have resulted in a wide 
diversity of chemistries and biological systems (Conti et al., 1996). The luciferases characterized 
so far from different organisms, have extremely diverse structures, substrate specificities and 
mechanisms, and generally do not share sequence similarities (Viviani, 2002). Luciferins are also 
quite diverse, however, in many cases the same compound has been independently co-opted in 
unrelated organisms. For instance, coelenterazine is the light emitter in at least nine phyla 
including jellyfish, crustaceans, mollusks and vertebrates, even though their luciferases are 
unrelated in sequence and structure (Gimenez et al., 2016; Haddock et al., 2010). 
 In syllid annelids, bioluminescent light is used for intraspecific communication during 
reproduction. Females secrete a bright green luminous mucus that attracts the males, functioning 
as a swarming cue (Galloway and Welch, 1911; Markert et al., 1961; Verdes and Gruber, 2017). 
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This remarkable courtship behavior has been extensively studied (Fischer and Fischer, 1995; 
Gaston and Hall, 2000; Huntsman, 1948; Markert et al., 1961; Tsuji and Hill, 1983), but very 
little is known about the molecular mechanisms or chemistry of the bioluminescence system and 
its components (Verdes and Gruber, 2017). For example, in the Bermuda fireworm Odontosyllis 
enopla (Figure 3.1B), the bioluminescent system requires magnesium, molecular oxygen and 
luciferase to produce light, and although the luciferin has been partially purified, its chemical 
structure is still unknown (Harvey, 1952; McElroy, 1960; Shimomura et al., 1963; Trainor, 
1979). Conversely, studies on the bioluminescent mucus of Odontosyllis phosphorea (Figure 
3.1A) suggest that the bioluminescence in this species may involve a photoprotein, rather than a 
luciferin-luciferase reaction (Deheyn and Latz, 2009). Additionally, several lumazines and 
lumazine derivatives have been identify in the Japanese species O. undecimdonta, but their role 
in the bioluminescence reaction is unclear (Inoue et al., 1991; Sato and Fukuya, 2000). 
 
Figure 3.1. Syllid species used in this study. (A) Bioluminescent species O. phosphorea; (B) 
Female (left) and male (right) of the luminescent Bermuda fireworm O. enopla; (C) 
Reproductive individual of the closely related non-luminescent species S. magdalena. 
A B
C
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 Recent advances in next-generation sequencing technologies have revealed the great 
power of comparative genomic and transcriptomic analyses to identify orthologous genes across 
multiple species, allowing to better understand gene evolution and function in a wide array of 
less studied non-model organisms (Chandler et al., 2016; Wang et al., 2015). These comparative 
studies are extremely valuable as a guide for initial investigations, pinpointing novel candidate 
genes for further research and functional validation. In this study, we harness the power of 
comparative transcriptomics to identify candidate genes related to light production in 
Odontosyllis. We assembled de novo the transcriptomes of two bioluminescent species, O. 
phosphorea and O. enopla and a closely related non-luminous species, S. magdalena (Figure 
3.1). We functionally annotated and compared their predicted proteomes, and identified clusters 
of orthologous sequences specific to the bioluminescent species. Following this strategy, we 
identified two orthologous proteins in O. phosphorea and O. enopla that are members of the 
ANL superfamily of adenylating enzymes and represent the candidate Odontosyllis luciferase. 
Our results contribute further evidence of the evolutionary convergence of bioluminescence 
mechanisms in unrelated luminous lineages, and provide valuable data to expand future research 
into annelid bioluminescent systems.  
 
3.2. Methods 
3.2.1. Sample collection, RNA extraction and sequencing 
 Samples were collected by hand in different biological surveys between 2013 and 2014 
from different substrates in intertidal zones. Samples of O. phosphorea were collected in mats of 
the bryozoan Zoobotryon verticillatum in Mission Bay, San Diego (CA) in October of 2013. 
Samples were distributed into different containers with seawater and left overnight to facilitate 
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the separation of the organisms, which were retrieved with forceps. Specimens of O. enopla were 
collected in Ferry Reach, Saint George’s Island (Bermuda), during the periodic swarming events 
after the full moon of August of 2014. Samples were collected by hand with a small aquarium 
fish net and transferred into a bucket of seawater. Samples of Syllis magdalena were collected in 
intertidal algae turfs of Ulva rigida and Perumytilus purpuratus beds, in Las Cruces, Central 
Chile. Four specimens in reproductive state were collected during the full moon in January of 
2014. All samples were quickly fixed in RNAlater and preserved at -80 ºC upon arrival to the 
laboratory, where they were stored until RNA extraction. 
 Total RNA was extracted from complete individuals of O. phosphorea and O. enopla 
using the Qiagen RNeasy Micro Kit, with DNase digestion on column according to the 
manufacturer instructions. A total of 10 ng of RNA was used as template for polyA enriched first 
strand cDNA synthesis and 12 cycles of polymerase chain reaction amplification with SMARTer 
Ultra Low RNA Kit (Clontech Laboratories, Inc.) for Illumina sequencing. The quality and 
integrity of total RNA and the resulting cDNA library were assessed with an Agilent 
BioAnalyzer high sensitivity DNA chip. After verifying appropriate quality requirements, cDNA 
libraries were sequenced with Illumina HiSeq 2500 v4 technology using a paired end flow cell 
and 100 x 2 cycle sequencing at the New York University Center for Genomics and Systems 
Biology (New York). Total RNA was processed and sequenced from different tissue samples of 
four reproductive individuals of Syllis magdalena, as described in (Álvarez-Campos, 2016). 
 
3.2.2. Sequence processing, de novo transcriptome assembly and proteome prediction 
 The quality of the raw reads was visualized and evaluated using FastQC v0.11.5 
(www.bioinformatics.babraham.ac.uk). FastQC facilitates a quick assessment of potential 
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sequencing errors and contamination issues through generation of sequencing data profiles, 
including graphs of quality per base, GC-content, k-mer content, and sequence length 
distributions among others. After data visualization, adapter sequences and low-quality bases 
(phred score < 30) were removed using Trimmomatic (Bolger et al., 2014) and the processed 
reads were assembled de novo using the software Trinity v2.4.0  (Grabherr et al., 2011; Haas et 
al., 2013). Transcriptome completeness was evaluated with BUSCO v3 (Simão et al., 2015) 
using the metazoa_odb9 dataset and Transdecoder v3.0.1 (Haas et al., 2013) was implemented to 
predict coding regions within the transcripts. Transdecoder first identifies open reading frames 
(ORFs) of at least 100 amino acids, and then predicts coding regions based on nucleotide 
composition, open reading frame length and optionally, a match to a Pfam domain, generating a 
set of predicted protein sequences for each transcriptome (Haas et al., 2013).  
 
3.2.3. Identification of orthologous clusters and functional annotation 
 Protein sequences identified by Transdecoder (Haas et al., 2013) from the transcriptomes 
of O. phosphorea, O. enopla and S. magdalena were uploaded to OrthoVenn (Wang et al., 2015) 
for analysis. OrthoVenn is a web platform (http://www.bioinfogenome.net/OrthoVenn/) for 
comparison and annotation of orthologous gene clusters across multiple species. OrthoVenn 
identifies clusters of orthologous genes with a modified version of the OrthoMCL algorithm (Li 
et al., 2003) and then assigns putative functions for each ortholog by annotating a representative 
sequence of each cluster using the BLASTP tool (Altschul, 1997; Johnson et al., 2008) against 
the UniProtKB/Swiss-Prot protein database. The top hit with an e-value of 1E-5 or less is defined 
as the putative function for each cluster, and slimmed gene ontology (GOSlim) terms for 
biological process, molecular function and cellular component categories are assigned based on 
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this hit (Wang et al., 2015). For downstream analyses, we focused on those orthologous clusters 
that included sequences exclusively from the bioluminescent species. 
 
3.2.4. Multiple sequence alignment and phylogenetic analyses 
 Multiple sequence alignments of candidate genes and corresponding homologs, were 
built in the online server of MAFFT v7.310 under default parameters (Katoh and Standley, 
2013). Phylogenetic analyses of candidate luciferases and members of the ANL superfamily of 
adenylating enzymes were performed to validate orthology predictions and to investigate the 
evolutionary relationships and possible origins of the putative luciferases. Representatives of the 
ANL superfamily of adenylating enzymes were downloaded from NCBI GenBank and aligned 
with MAFFT v7.310 (Katoh and Standley, 2013). The best model of protein evolution was 
selected with ProtTest 3 (Darriba et al., 2011) and phylogenetic reconstruction was performed in 
RAxML-HPC-PTTHREADS v8.2.10 (Stamatakis, 2014, 2006) with support values estimated 
through a rapid bootstrap algorithm and 1,000 pseudo-replicates. 
 
3.2.4. Proteogenomic analysis 
 Protein extraction of whole worm and bioluminescent mucus was performed as described 
below. Tissue was minced when necessary, mixed with twice the volume of 50 mM Tris pH 7.4 
and protease inhibitors, and homogenized for 1 minute in a bead basher homogenizer. Then 400 
µL of methanol were added and sample was vortexed. After vortexing, 100 µL of chloroform 
were added and sample was vortexed again. Then 300 µL of dH2O were added and sample was 
vortexed briefly before centrifuging at 14,000 g for 1 minute. The top aqueous layer was 
removed and 400 µL of methanol were added before the sample was vortexed again and 
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centrifuged for 2 minutes at 14,000 g. Then, MeOH was removed without disturbing the pellet 
and the sample was briefly speed vacuumed for dryness. The whole worm and bioluminescent 
mucus protein extracts were fractionated by trypsin digestion and the resulting peptides were 
measured using tandem mass spectrometry (MS/MS) and then searched against the O. enopla 
predicted proteome generated with TransDecoder.  
 
3.3. Results and Discussion 
3.3.1. Sequencing, de novo transcriptome assembly and proteome prediction 
We obtained 184,776,341 raw reads for O. phosphorea, 212,115,568 for O. enopla and 
over 500,000,000 for S. magdalena. Initial examination with FastQC revealed the presence of 
some low quality (phred score > 33) bases, and remaining sequencing adaptors. We used 
Trimmomatic v0.36 (Bolger et al., 2014) to remove the low-quality bases the adaptor sequences, 
generating a set of clean, high quality reads with an average GC% of 35 in both Odontosyllis 
species and 40 in S. magdalena (Table 3.1).  Sequencing depth was excellent for all samples with 
around 200 million assembled base pairs (bp) and high N50 values, all above 1000 bp (minimum 
1,082 and maximum 2,128 bp) (Table 3.1). This is important for downstream analyses, since 
longer contigs are usually easier to annotate because they span known coding domains and thus 
provide relevant functional information (Kenny et al., 2017).  
Table 3.1. General sequencing and assembly statistics for the three transcriptome datasets. 
Species Trimmed reads Transcripts Total bp N50 N20 GC% BUSCO% 
O. phosphorea 180,067,410 190,595 236,540,766 2,128 4,141 35.67 98.57 
O. enopla 208,645,302 197,663 198,007,407 1,651 3,339 35.43 95.70 
S. magdalena 169,757,021 356,464 242,222,159 1,082 2,500 40.53 99.48 
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To assess the completeness of our transcriptome datasets, we used the software BUSCO 
v3 (Simão et al., 2015). BUSCO provides quantitative measures of completeness based on 
evolutionary-informed expectations of gene content, derived from comparison to lineage-specific 
sets of near-universal single-copy orthologs selected from OrthoDB v9.1 (Zdobnov et al., 2017). 
To evaluate our three transcriptomes, we used the metazoa_odb9 dataset, which consists of 978 
genes, and we found that over 95 % of these genes were represented in each of our 
transcriptomes (Table 3.1). Of the 978 genes in the metazoan dataset, 964 (98.57 %) were 
represented in O. phosphorea, with 936 (95.70 %) being complete transcripts and 28 (2.87 %) 
fragmented (incompletely sequenced transcripts or split between multiple contigs). In O. enopla, 
a total of 936 (95.70 %) metazoan BUSCO genes were recovered in the transcriptome, with 835 
(85.37 %) represented as complete transcripts, and 101 (10.33 %) represented by fragmented 
transcripts. The transcriptome of S. magdalena was the most complete, with a total of 973 (99.48 
%) metazoan genes found, represented by 918 (93.86 %) complete transcripts and 55 (5.62 %) 
fragmented transcripts. This data suggests that sequencing depth was adequate, yielding very 
complete transcriptomes (> 95%) that are expected to be a good representation of the gene 
content of a syllid annelid. All statistical details about sequencing and de novo assemblies, such 
as number of reads pre- and post-cleaning, number of transcripts, N50, N20, GC% and BUSCO 
coverage are summarized in Table 3.1 and in Table S3.1, Appendix 2. Lastly, the transcriptomes 
of O. phosphorea, O. enopla and S. magdalena were analyzed with Transdecoder v3.0.1 (Haas et 
al., 2013) to identify candidate coding sequences within the transcripts. This resulted in a dataset 
of 79,968 predicted protein sequences in O. phosphorea, 67,349 in O. enopla and 99,581 in S. 
magdalena (Table S3.1, Appendix 2).  
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In addition, the predicted proteome of O. enopla is being validated through a 
proteogenomic analysis. Following this approach, the predicted proteome generated from the 
transcriptomic data was used to identify peptide sequences derived from mass spectrometry-
based proteomic analyses. Tandem mass spectrometry (MS/MS) was used to identify peptides in 
extracts of the whole worm and bioluminescent mucus of O. enopla, and then searched against 
the protein sequence dataset derived from the transcriptome data. Following this method, we 
identified 1305 proteins in the whole worm extract and 311 in the bioluminescent mucus extract 
that are listed in Tables S3.2 and S3.3, Appendix 2, along with annotations, peptide search scores 
and sequence coverage. The proteomic data provides evidence of gene expression and validates 
gene models predicted from the transcriptomic data and, in turn, the transcriptomic data allows to 
identify novel peptides from the proteomic data (Nesvizhskii, 2014; Verdes et al., 2016). 
 
3.3.2. Orthologous clusters in the proteomes of luminescent and non-luminescent syllids 
Orthologs represent groups of genes in different species that originated from a single 
gene in the last common ancestor (Fitch, 1970). The analysis of orthologs, is a fundamental 
component of comparative genomic studies and provides information regarding the function and 
evolution of proteins across multiple species (Wang et al., 2015). To identify putative genes 
involved in bioluminescence, we uploaded the predicted proteomes of O. phosphorea, O. enopla 
and S. magdalena into OrthoVenn for identification of orthologous clusters and functional 
annotation. OrthoVenn identified a total of 21,527 orthologous clusters that included proteins 
from O. phosphorea, 20,381 with proteins from O. enopla and 25,419 including proteins from S. 
magdalena (Figure 3.2B). A total of 10,283 included proteins from the three species, while 9,558 
included proteins from two species and 17,362 were specific to a single species (Figure 3.2B).  
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Figure 3.2. Identification of orthologous gene clusters with OrthoVenn. (A) Venn diagram showing the number of 
orthologous clusters identified in each species individually, shared by the different combinations of species pairs, 
and shared by the three species. (B) Bar chart representing the total number of orthologous clusters that include 
proteins from each species, and diagram showing the total number of clusters specific to one species or shared by 
two or three species. 
  
Functional annotation of orthologous clusters was performed in OrthoVenn as detailed in 
the Methods section. Since we are targeting genes potentially involved in light production, we 
focused on the 4,154 orthologous clusters comprised exclusively of protein sequences from the 
bioluminescent species, O. phosphorea and O. enopla (Figure 3.2A), therefore not having a 
corresponding ortholog in the proteome of the non-luminescent S. magdalena. Out of the 4,154 
clusters, 538 (12.95%) retrieved a BLAST hit from the UniProtKB/Swiss-Prot database (Table 
S3.4, Appendix 2) and a total of 11,218 GOSlim terms corresponding to biological process, 
molecular function and cellular component categories were assigned. Interestingly, several of the 
most common gene ontology terms retrieved, in particular in the molecular function category, 
seem to be potentially related to the bioluminescence process. For instance, among the top 20 
molecular function GO terms, we recovered oxidoreductase activity, monooxygenase activity, 
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enzyme regulator activity, catalytic activity, cofactor and ion binding among others (Table S3.5, 
Appendix 2). Functional annotation data for this set of orthologous clusters is provided in Tables 
S3.4 and S3.5, Appendix 2, including the number of proteins in each cluster, the ID of the 
representative sequence, the best BLASTP hit and its corresponding e-value, along with 
associated GOSlim terms for each category.  
 
3.3.3. Identification of the candidate Odontosyllis luciferase 
 Within the set of 4,154 orthologous clusters corresponding to bioluminescent species, 
cluster21150 was functionally annotated as a luciferin-4-monooxygenase based on its best 
BLAST hit (e-value 1.50E-18) to a luciferin-4-monooxygenase from the firefly Luciola lateralis 
(Table S3.4, Appendix 2). This cluster is comprised of three proteins, comp32669_c0_seq1 and 
comp32669_c0_seq2 from O. phosphorea, which are identical sequences of 331 amino acids, 
and comp45777_c0_seq2 from O. enopla with 351 amino acids. These proteins show 19.58 % 
and 19.08 % sequence identity to L. laterialis luciferase, respectively. We identified two 
additional orthologous clusters that were annotated as luciferin-4-monooxygenases; one cluster 
was specific to the non-luminous S. magdalena, and the other four were non-specific clusters 
(i.e. including proteins from bioluminescent and non-bioluminescent species).  
 Firefly luciferase is a 62 kDa enzyme that catalyzes the oxidation of luciferin with 
molecular oxygen, in the presence of ATP and Mg2+ to produce yellow-green light (de Wet et al., 
1985; Deluca, 1976). Firefly luciferase is a member of the ANL superfamily of adenylating 
enzymes and shows high sequence similarity to acyl-CoA synthetases (Conti et al., 1996; Gulick, 
2009). Members of the ANL superfamily catalyze the activation of a carboxylate substrate with 
ATP to form an acyl adenylate intermediate, and have been functionally divided into several 
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subfamilies, including acetyl-CoA synthetases, medium chain-CoA synthetases, long chain-CoA 
synthetases, 4-coumarate-CoA ligases, luciferases, and the adenylation domains of non-
ribosomal peptide synthetases (NRPSs) (Gulick, 2009; Khurana et al., 2010). To validate the 
orthology predictions and functional annotation derived from OrthoVenn and investigate the 
evolutionary origins of the candidate Odontosyllis luciferases, we built a phylogenetic tree 
including firefly luciferases and additional representative proteins from the ANL superfamily 
(Figure 3.3). Sequences annotated as luciferin-4-monooxygenases included in orthologous 
clusters specific to the non-luminous S. magdalena and those included in non-specific clusters 
(comprised by proteins from bioluminescent and non-bioluminescent species) were also included 
in the phylogenetic analysis.  
The majority of the syllid sequences fall into a large clade that includes representatives of 
the long chain-CoA synthetases subfamily, and is further divided into two main clades, one of 
them including the candidate Odontosyllis luciferases (Figure 3.3). This suggests a specific 
radiation of this protein in syllids, in which gene duplication events of an ancestral long chain- 
CoA synthetase followed by subfunctionalization or neofunctionalization processes might have 
given rise to the Odontosyllis luciferase. Insect luciferases are thought to have evolved from a 
long chain fatty acyl-CoA synthetase gene through subfunctionalization after a gene duplication 
event (Day et al., 2009; Oba et al., 2010, 2006; Viviani et al., 2013). In this case, phylogenetic 
analyses revealed a similar evolutionary pattern to that observed here in syllids, recovering a 
large gene family of luciferase and luciferase-like paralogs in bioluminescent and non-
bioluminescent beetles and indicating complex gene duplication events in fireflies (Day et al., 
2009). Interestingly, two other candidate luciferases that belong to the ANL superfamily of 
adenylating enzymes have been recently identified in the dipteran glowworm Arachnocampa 
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luminosa and the firefly squid Watasenia scintillans that show considerable sequence identity 
with firefly luciferase (Gimenez et al., 2016; Sharpe et al., 2015).  
 
 
Figure 3.3. Phylogenetic tree of the ANL superfamily of adenylating enzymes. Representative sequences of each 
subfamily are denoted by accession number and color-coded as follows: AcCS (acetyl-CoA synthetases), LCS (long 
chain-CoA synthetases), MCS (medium chain-CoA synthetases), 4CL (4-coumarate-CoA ligases), luciferases and 
NRPS (non-ribosomal peptide synthetases). Orthologs identified in the three syllid species are highlighted in grey 
and candidate Odontosyllis luciferases are labeled blue. Numbers below branches indicate bootstrap support values. 
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Crystal structure and mutagenesis analyses of firefly luciferases have revealed seven 
amino acid residues potentially involved in luciferin binding, namely Phe249, Thr253, Ile288, 
Gly341 and Ala350 (identified in Luciola cruciata) and Arg218 and Phe247 (identified in 
Photinus pyralis) (Table 3.2) (Branchini et al., 2003; Nakatsu et al., 2006). Of these seven amino 
acids, it has been shown that the serine residue, which is conserved in all firefly luciferases, is 
crucial for luciferin binding and might be necessary for luminescence activity in insects (Oba et 
al., 2009). In fact, a single substitution to serine in a fatty acyl-CoA synthetase from a non-
luminous click beetle (Agrypnus binodulus) and a fruit fly (Drosophila melanogaster) is 
responsible for the conversion of these enzymes into functional luciferases (Table 3.2). This 
suggests that, at least in insects, the serine residue is necessary for the evolutionary divergence of 
a fatty acyl-CoA synthetase into a luciferase.  
 
Table 3.2. Luciferin binding residues in insect luciferases, and corresponding residues in 
candidate luciferases and luciferase homologs from other taxa, including syllids. Conserved 
residues relative to firefly luciferase are marked in bold. Asterisks indicate residue that, if 
substituted for serine in non-luminous insect acyl-CoA synthetase, yields a functional luciferase.  
Insect luciferases 
L. cruciata R220 F249 T253 I288 G341 S349 A350 
P. pyralis R218 F247 T251 L286 G339 S347 A348 
A. luminosa L F T S T G L 
Insect acyl-CoA 
A. binodulus L F T I G L* A 
D. melanogaster T F T F G L* S 
Syllid luciferases 
O. phosphorea    L G S A 
O. enopla   P L G S A 
Syllid acyl-CoA 
O. phosphorea D M L A G A A 
O. enopla N M L A G A A 
S. magdalena N M V L G A A 
Squid luciferase W. scintillans F V S Y S A S 
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The seven putative amino acid residues involved in luciferin binding in insect luciferases 
are summarized in Table 3.2, including the corresponding residues in the candidate luciferases 
from Odontosyllis, the firefly squid W. scintillans, the glowworm A. luminosa, and luciferase 
homologs from luminous and non-luminous insects and syllids. Remarkably, this serine residue 
is also conserved in the putative Odontosyllis luciferases, while it is not conserved in the 
homologs from the non-luminous S. magdalena or in other homologs included in non-specific 
orthologous clusters (comprised of proteins from bioluminescent and non-bioluminescent 
species) (Table 3.2). This further suggests that the serine residue might also be important for 
luciferin binding in Odontosyllis. The differences between the putative binding residues of the 
insect luciferases and the equivalent residues of candidate luciferases from other taxa likely 
reflect the differences in the structures of their corresponding substrates (Gimenez et al., 2016).    
 
3.4. Conclusion 
We have generated the first high quality transcriptomes of the two luminous syllids O. 
phosphorea and O. enopla, and the closely related non-luminous S. magdalena. After identifying 
candidate coding regions within the transcripts, we compared and functionally annotated the 
predicted proteomes to detect clusters of orthologous genes specific to the bioluminescent 
species. One of these specific clusters was comprised of two proteins that were functionally 
annotated as luciferin-4-monooxygenase, that we propose as the candidate Odontosyllis 
luciferases. We also recovered homologs of luciferin-4-monooxygenase in the non-luminous S. 
magdalena and in non-specific orthologous clusters (comprised by proteins from bioluminescent 
and non-bioluminescent species).  
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Since luciferin-4-monooxygenase is a member of the ANL superfamily of adenylating 
enzymes (Gulick, 2009; Khurana et al., 2010), we then performed a phylogenetic analysis to 
corroborate orthology predictions, including the candidate luciferases, luciferase homologs in the 
non-luminous species and in non-specific clusters, and representatives of the different 
subfamilies of the ANL superfamily. Our analysis shows that the syllid sequences are in fact 
members of the ANL superfamily, in particular long chain-CoA synthetase homologs that have 
undergone a specific radiation in syllids. As it has been proposed for luminous insects, including 
fireflies, click beetles and glowworms (Oba et al., 2010, 2003; Sharpe et al., 2015; Viviani et al., 
2013) and more recently firefly squids (Gimenez et al., 2016), our findings suggest that the 
Odontosyllis luciferase is a member of the ANL superfamily of adenylating enzymes that seems 
to have evolved from an ancestral long chain acyl-CoA synthetase.  
Although further research, including functional validation, is required to confirm the role 
of these proteins in Odontosyllis bioluminescence, our results contribute to the increasing 
evidence suggesting that acyl-CoA synthetases have convergently evolved the ability to generate 
light independently in different taxa, including insects, cephalopods and annelids (Gimenez et 
al., 2016; Oba et al., 2006, 2003; Sharpe et al., 2015). 
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Chapter 4 
 
Chapter 4. Identification of bioluminescence-related genes in the scale worm Harmothoe 
areolata (Annelida, Polynoidae) through differential gene expression analyses. 
In collaboration with Marcel Zamocky and Daniel Martín. 
 
4.1. Introduction 
Polynoids (Polynoidae) are one of the largest families of scale worms (Aphroditiformia), 
with hundreds of species described to date, distributed in more than 160 genera and 20 
subfamilies, found in all marine benthic habitats from the intertidal zone to the deep sea 
(Gonzalez et al., 2017; Norlinder et al., 2012; Rouse and Pleijel, 2001). The great species 
diversity of polynoids has hindered efforts to elucidate the systematic relationships of the group 
due to the lack of material available for molecular analyses (Gonzalez et al., 2017). For instance, 
Gonzalez et al., (2017) recently completed a phylogenetic study of Aphroditiformia with the 
largest number of polynoid taxa to date, but yet only included representatives of eight of the 20 
subfamilies of Polynoidae. As a consequence, although the group is found as a strongly 
supported monophyletic clade in phylogenetic analyses, the evolutionary relationships within 
polynoid taxa are not clear and a morphological synapomorphy has not been yet identified 
(Gonzalez et al., 2017; Norlinder et al., 2012).  
Polynoids, like most members of the Aphroditiformia, are characterized by a series of 
paired structures denominated scales or elytra that cover the dorsal surface of the body (Gonzalez 
et al., 2017). The scales serve a variety of different functions, including brooding eggs, water 
circulation and defense, as they can be detached as a luminescent decoy to startle and distract 
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predators (Norlinder et al., 2012). Several species of polynoids have been reported to be 
bioluminescent, including members of the genera Gattyana, Malmgrenia, Polynoe and 
Harmothoe (Bassot and Nicolas, 1995; Nicol, 1957, 1953; Verdes and Gruber, 2017). Upon 
disturbance, these species emit flashes of light from the ventral epithelium of the scales. In the 
luminous species, the ventral epithelium has a layer of luminescent cells called photocytes, 
which are modified epidermal cells, not found in the non-luminous species (Nicol, 1953; 
Plyuscheva and Martin, 2009). If the stimulus is strong, one or more glowing scales might be 
detached from the body while the animal swims away (Bassot and Nicolas, 1995; Nicol, 1953; 
Plyuscheva and Martin, 2009; Shimomura, 2012). Therefore, it has been suggested that 
bioluminescence in scale worms serves mainly as a warning or distracting mechanism for 
defensive purposes, as the scales are easily autotomized and emit bright flashes of light for some 
time, acting as a sacrificial lure and allowing the animal lo escape avoiding potential threats 
(Bassot and Nicolas, 1995; Herring, 1978; Nicol, 1953; Oba et al., 2016). 
The scales are thin disks formed by a unicellular layer of epidermis covered by a cuticle 
layer, that are connected to the body by a stalk or elytrophore (Bilbaut, 1980; Nicol, 1953). 
Luminescence in polynoids is under neuronal control, with sensory receptors on the scale, nerve 
cord and efferent nerve fibers mediating the luminous response, which starts at the point of 
stimulation and travels down the length of the body from the anterior to the posterior end 
(Bilbaut, 1980; Nicol, 1953). 
The bioluminescent reaction in scale worms involves a membrane photoprotein of about 
65 kDa called polynoidin, which is specifically triggered by superoxide radicals that result from 
the oxidation of reduced riboflavin in the presence of calcium (Nicolas et al. 1982; Bassot 1987; 
Bassot and Nicolas 1995; Martin and Plyuscheva 2009). The polynoid photoprotein seems to 
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contain a tightly bound cofactor or alternatively, it may function using its conformational change 
to transfer the energy from the superoxide radicals to the light emitter directly (Martin and 
Plyuscheva 2009). Interestingly, polynoidin is also present in non-luminescent scale worms 
suggesting that bioluminescence might have originated from a mechanism able to quench 
superoxide radicals (Martin and Plyuscheva 2009). 
 Differential expression analyses using RNA-Seq data are very powerful tools to identify 
genes potentially involved in a variety of different biological processes and environmental 
settings. As such, by comparing the relative expression levels of genes in different tissues, 
different developmental stages, and under different experimental conditions or varying 
treatments, is possible to pinpoint candidate genes that might be related to the processes 
involved. In this study, we take advantage of differential gene expression analysis methods to 
identify genes potentially involved in scale worm bioluminescence. Scale worm photosomes and 
the corresponding bioluminescent system are located in the dorsal scales or elytra. Here, we 
generated RNASeq libraries of the scale and posterior end tissue of the polynoid Harmothoe 
areolata, and performed differential expression analyses to identify candidate luciferase genes. 
Our results suggest that polynoidin, the enzyme that catalyzes the light reaction in polynoid 
worms, might be a peroxidase from the peroxidase-cyclooxygenase family.  
 
4.2. Methods 
4.2.1. Sample collection, RNA extraction and sequencing 
Samples were collected by SCUBA diving near Blanes (NW Mediterranean Sea, 10 m 
depth) and kept alive in seawater for transport to the laboratory. Samples were then examined 
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under a stereoscope for taxonomical identification and consequently fixed in RNAlater and 
preserved at -80 ºC for further processing and RNA extraction.  
Total RNA was extracted from the elytra, and from the posterior end of three individuals 
of Harmothoe areolata using the Qiagen RNeasy Micro Kit, with DNase digestion on column 
according to the manufacturer instructions. A total of 10 ng of RNA from each sample was used 
as template for polyA enriched first strand cDNA synthesis and 12 cycles of polymerase chain 
reaction amplification with SMARTer Ultra Low RNA Kit (Clontech Laboratories, Inc.) for 
Illumina sequencing. A total of six cDNA libraries were generated, representing three biological 
replicates per tissue type: three libraries corresponding to the scale tissue of each of the three 
individuals and three libraries corresponding to the posterior end of the three individuals. The 
quality and integrity of total RNA and the resulting cDNA library were assessed with an Agilent 
BioAnalyzer high sensitivity DNA chip. After verifying that samples met quality requirements, 
cDNA libraries were sequenced with Illumina HiSeq 2500 v4 technology using a paired end flow 
cell and 100 x 2 cycle sequencing at the New York University Center for Genomics and Systems 
Biology (New York, USA).  
 
4.2.2. Sequence processing and de novo transcriptome assembly 
The quality of the raw reads generated from each of the six libraries was visualized and 
evaluated using FastQC v0.11.5 (www.bioinformatics.babraham.ac.uk). FastQC facilitates a 
quick assessment of potential sequencing errors and contamination issues through generation of 
sequencing data profiles, including graphs of quality per base, GC-content, k-mer content, and 
sequence length distributions among others. After data visualization, adapter sequences and low-
quality bases (phred score < 30) were removed using Trimmomatic (Bolger et al., 2014) and the 
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processed reads were pooled together and assembled de novo using the software Trinity v2.4.0  
(Grabherr et al., 2011; Haas et al., 2013) to generate a reference transcriptome. 
 
4.2.3. Differential expression analyses 
A differential expression analyses to identify genes over expressed or up-regulated in the 
scale tissue was performed with the Trinity module, which incorporates RSEM and edgeR 
(Garber et al., 2011). Individual libraries corresponding to scale and posterior end tissue of each 
replicate were mapped to the total reference transcriptome. The software edgeR was 
implemented with a p-value cut off for FDR of 0.001, a dispersion value of 0.1 and a min 
abs(log2(a/b)) change of 2 (therefore, minimally, 4-fold change). 
 
4.2.4. Functional annotation of differentially expressed genes 
We performed automated annotation using the BLASTX tool of the NCBI BLAST v2.6.0 
package (Altschul, 1997; Johnson et al., 2008) against the NCBI non-redundant protein database, 
with a cut-off E value of 1e−5. Blast hit results were used to retrieve Gene Ontology (GO) terms 
using Blast2GO (Conesa and Götz, 2008) under the categories of biological processes, molecular 
function, and cellular component, hierarchically organized in different levels. 
 
4.2.5. Multiple sequence alignment and phylogenetic analyses 
Multiple sequence alignments of selected genes and the corresponding homologs, were 
built in the online server of MAFFT v7.310 under default parameters (Katoh and Standley, 
2013). Phylogenetic analyses of candidate peroxidases potentially involved in bioluminescence 
were performed to validate orthology predictions and to investigate the evolutionary 
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relationships and possible origins of the putative polynoidin. Representative sequences of the 
peroxidase superfamily were downloaded from NCBI GenBank and aligned with MAFFT 
v7.310 (Katoh and Standley, 2013). The best model of protein evolution was selected with 
ProtTest 3 (Darriba et al., 2011) and phylogenetic reconstruction was performed in RAxML-
HPC-PTTHREADS v8.2.10 (Stamatakis, 2014, 2006) with support values estimated through a 
rapid bootstrap algorithm and 1,000 pseudo-replicates. 
 
4.2.6. Structure modeling 
  A model 3D structure of the candidate polynoidin was generated with I-Tasser (Roy et 
al., 2010) with human promyeloperoxidase (PDB: 5MFA) as the template protein and using 
default parameters. Human promyeloperoxidase was the highest scoring model available 
(confidence of 100%, coverage of 69%). The resulting 3D structural model was rendered with 
PyMOL (DeLano, 2014).  
 
4.3. Results and Discussion 
4.3.1. Sequencing and de novo transcriptome assembly 
We obtained a total of 157,319,055 raw reads evenly distributed throughout the six 
libraries (Table 4.1). Initial examination with FastQC revealed the presence of some low quality 
(phred score > 33) bases, and remaining sequencing adaptors that were removed with 
Trimmomatic v0.36 (Bolger et al., 2014), generating a set of clean, high quality reads for each 
library (Table 4.1).  Trimmed reads were pooled together to generate a de novo assembly that 
was used as a reference for the differential expression analyses. Sequencing depth was excellent 
with 377,970,784 million assembled base pairs (bp) and an N50 value of 1,225. This is important 
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for downstream analyses, since longer contigs are usually easier to annotate because they span 
known coding domains and thus provide relevant functional information (Kenny et al., 2017). 
Table 4.1. Sample and sequencing information for the biological replicates of 
Harmothoe areolata used in the DGE analysis.   
Replicate Sample Tissue Raw reads Trimmed reads 
Replicate 1 Ha1_P Posterior end  29,002,923 28,309,262 
Ha1_S Scales 24,488,989 23,889,934 
Replicate 2 Ha2_P Posterior end  26,691,735 26,037,966 
Ha2_S Scales 24,637,318 23,945,877 
Replicate 3 Ha3_P Posterior end  29,295,205 28,599,987 
Ha3_S Scales 23,202,867 22,604,093 
 
4.3.2. Differentially expressed genes in the scale tissue 
 We evaluated the overall changes in expression of individual contigs between each 
sample. We used RSEM and edgeR within the Trinity software framework to perform a 
differential expression analysis and identify candidate genes potentially involved in scale worm 
bioluminescence. We first evaluated the similarity in the expression profiles across all samples 
through a principal component analysis and a Pearson correlation matrix of pairwise 
comparisons (Figure 4.1). As expected, samples were grouped according to tissue type meaning 
that the expression profiles of scale tissue samples were more similar among each other than to 
posterior end tissue samples. Similarly, the expression profiles of posterior end tissue samples 
were more similar to each other than to scale tissue samples (Figure 4.1).  
We detected significant differential expression levels in the comparison between scale 
and posterior end tissues for a total of 487 transcripts (Figure 4.2), with 475 of them being up-
regulated in the scale and 12 in the posterior end. A heatmap representing the hierarchical 
clustering of all transcripts according to expression differences between tissues (including the 
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Figure 4.1. Sample correlation according to expression profiles in samples of Harmothoe areolata. (A) Principal 
component analysis showing that samples group by tissue type, scale vs. posterior end. (B) Pearson correlation 
matrix of pairwise comparisons across samples showing the transcription profiles are more similar among same 
tissue type samples. 
 
three libraries per tissue) is presented in Figure 4.3. The heatmap shows that there are small 
differences in the expression profiles between libraries of the same tissue, in agreement with 
previous results of sample correlation analyses (Figure 4.1), but large differences in the 
expression profiles across tissues (Figure 4.3). Since the bioluminescent system of polynoids is 
located in the scales, we focused on the set of 475 genes up-regulated in the scale tissue for 
functional annotation and further analysis. Among these, only 93 (19.58 %) retrieved a BLAST 
hit from the NCBI non-redundant database and 42 (10.10 %) were assigned gene ontology terms 
corresponding to biological process, molecular function and cellular component categories. 
Among the set of 475 genes up-regulated in the scale, we identified 5 transcripts that had been 
functionally annotated as peroxidase homologs, and several others with assigned gene ontology 
terms related to oxidoreductase and peroxidase activities (Table S4.1, Appendix 3). Polynoidin, 
the scale worm photoprotein, is a ~65 kDa membrane protein located in the photosomes and it 
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has been hypothesized that polynoidin light production is triggered by superoxide radicals that 
result from the oxidation of riboflavin (Bassot and Nicolas, 1995; Nicolas et al., 1982). In other 
luminous organisms, including the earthworm Diplocardia longa and the acorn worm 
Balanoglossus biminiensis, it has been shown that the luciferase catalyzes the bioluminescence 
reaction through a peroxidative reaction of the classical peroxidase type, and superoxide radicals 
are also involved in the process (Bellisario and Cormier, 1971; Cormier and Dure, 1963; Dure 
and Cormier, 1963). Based on what is known about scale worm bioluminescence and the 
peroxidase nature of the luciferase of similar bioluminescent systems in other organisms, we 
consider that the peroxidase homolog found up-regulated in the scale tissue of H. areolata might 
represent the candidate polynoidin gene.  
 
 
Figure 4.2. Volcano plot showing the differentially expressed genes in the scale versus posterior end tissue of 
Harmothoe areolata. The blue lines in the center delimit the significance threshold for expression level. The red dots 
represent down-regulated genes, while the green dots represent upregulated genes. 
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Figure 4.3. Heatmap based on differentially expressed genes detected in pairwise comparison of scale tissue and 
posterior end tissue of H. areolata. Different colors indicate relative expression levels and similarities in expression 
patterns between genes and samples is represented by clustering. 
 
4.3.3. Identification of the putative scale worm luciferase, polynoidin 
After careful examination of the protein sequences, we focused on one of the up-
regulated peroxidases in the scale tissue, contig DN110059_c10_g4_i1, which is the only one 
that seemed to represent a complete sequence. To validate the orthology predictions and 
functional annotation derived from the BLAST analysis and Blast2GO gene ontology 
assignment, we built a phylogenetic tree including the up-regulated H. areolata peroxidase 
homolog, four additional homologs found in the reference transcriptome, and representative 
peroxidase sequences from a variety of metazoan taxa (Figure 4.4). Our results suggest that the 
H. areolata sequences are in fact peroxidase homologs of the peroxidase-cyclooxygenase family 
and four of them (highlighted in yellow in Figure 4.4), can be further classified as peroxinectins. 
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We have re-named these peroxinectins homologs as HaPxt4_UP (the variant found up-regulated 
in the scales), HaPxt2, HaPxt4 and HaPxt5. The four peroxinectins show high sequence identity 
(30-45%) and fall in a clade with other lophotrocozoan peroxinectins, including sequences from 
octopus and sepia (Figure 4.4). 
 
Figure 4.4. Phylogenetic tree of peroxidase sequences. Orthologs identified in H. areolata are highlighted in yellow 
and the candidate luciferase (upregulated in the scales) is denoted in bold. Numbers below branches indicate 
bootstrap support values. Protein ID and species name are indicated for every sequence included in the analysis. 
Harmothoe areolata
 4259|AgaPxt06| Anopheles gambiae
 4261|AgaPxt08| Anopheles gambiae
 4260|AgaPxt07| Anopheles gambiae
 AgaPxt1 4151 Anopheles gambiae 
 4155|AgaPxt04| Anopheles gambiae
 AalPxt1 4104 Anopheles albimanus
 AmelPxt2 4262 Apis mellifera
 DmPxt2 4118 Drosophila melanogaster 
 AaePxt3 4120 Aedes aegypti
 AaePxt3 4119 Aedes aegypti 
 AgaPxt02 4152 Anopheles gambiae 
 AmelPxt1 3670 Apis mellifera
 TcasPxt2 4290 Tribolium castaneum
 4244|AgaPxt05| Anopheles gambiae
 DmPxt1A 3552 Drosophila melanogaster 831AA.
 4153|AgaPxt03| Anopheles gambiae
 AaePxt1 3660 Aedes aegypti
 AaePxt2 3555 Aedes aegypti
 PlenPxt1 4105 Pacifastacus leniusculus
 FchPxt1 Fenneropenaeus chinensis
 PmoPxt1 3672 Penaeus monodon
 NviPxt1 5841 Nasonia vitripennis
 EscPxt1 4148 Euprymna scolopes
 SoffPxt1 4149 Sepia officinalis
 OcbimPxt1 A0A0L8HBF3 Octopus bimaculoides 
 Hapxt5 DN108114 c2 g1 i6 m119618 
 HaPxt2 DN92293 c0 g1 m40666 
 Hapoxcyox UP1 DN110059 c10 g4 i1 
 Hapxt4 DN110059 c10 g4 m177040 
 LvaPxt1 4127 Lytechinus variegatus 
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 CintPxt1 XM 002126249 Ciona intestinalis 
 4282|CbrPxt04| Caenorhabditis briggsae
 CelPxt4 4146 Caenorhabditis elegans
 CbrPxt5 4283 Caenorhabditis briggsae
 CelPxt5 4147 Caenorhabditis elegans
 4281|CbrPxt03| Caenorhabditis briggsae
 CelPxt3 4145 Caenorhabditis elegans
 CbrPxt1 4278 Caenorhabditis briggsae
 CelPxt1 4143 Caenorhabditis elegans
 4279|CbrPxt02| Caenorhabditis briggsae
 CelPxt2 4144 Caenorhabditis elegans
 BfPOX1 7614 Branchiostoma floridae.
 BfPOX2 C3YBD7 Branchiostoma floridae.
 BfPOX3 C3YBD1 Branchiostoma floridae.
 BbePOX1 4113 Branchiostoma belcheri.
 HapPxd1 DN110892 c0 g1 m146282 Harmothoe areolata
 SpurPxd1 4101 Strongylocentrotus purpuratus
 HsMPO 3315 Homo sapiens
 HsEPO 3317 Homo sapiens
 BtLPO 3331 Bos taurus
 HsLPO 3316 Homo sapiens 
 CintPOX 4077 Ciona intestinalis
 CsavPOX1 H2ZNS9 Ciona savignyi
 CsavPOX2 H2Z0Z3 Ciona savignyi
 HsTPO 3318 Homo sapiens
 BtTPO 3333 Bos taurus
 SscTPO 3329 Sus scrofa
 LspPxDo1 4243 Lyngbya sp. JBC2013
 GobPxc1 7787 Geodermatophilus obscurus 
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We built a multiple sequence alignment including the four H. areolata sequences and 
selected representative peroxinectins to further inspect the protein sequences and identify 
particular conserved domains and motifs necessary for peroxidative reactions (Figure S4.2, 
Appendix 3). The alignment clearly shows that the characteristic conserved amino acid residues 
of the distal and proximal end of the prosthetic heme group of peroxinectins are also conserved 
in the scale worm proteins (Figure S4.2. Appendix 3). Additionally, residues involved in calcium 
binding and covalent heme-to-protein link formation are also conserved in the Harmothoe 
peroxinectins. These findings suggest that the peroxinectins identified in H. areolata, including 
the variant with increased expression levels in the scale tissue, represent functional proteins with 
the characteristic conserved catalytic residues of peroxinectins.   
To investigate the potential activity of the up-regulated peroxinectin as a luciferase, we 
have generated a computational model of the predicted 3D structure of this protein (Figure 4.5). 
The structural model suggests that the general fold of the peroxidase domain is well preserved 
and additionally, reveals certain amino acids that based on their position might be involved in the 
oxidation of a light-emitting compound. These amino acid residues have surface exposure and 
could potentially transfer electrons from a light-emitting molecule to the prosthetic heme group. 
The amino acids potentially involved in the light reaction are Y164, C171 and W179 positioned 
on the near distal side of the heme group (labeled yellow), residues R188, Y194 and D196 
located on the far distal side of the heme (labeled orange), and amino acids R555, D560, Y600, 
C607, K624, R625, R674, D676, K704, C707, D765, K767, R768 and W769 situated on the 
proximal side of the heme group (labeled green). 
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Figure 4.5. Predicted 3D structural model of the candidate polynoidin. Homology model 
based on the peroxidase homolog identified among the upregulated genes in the scale tissue of 
Harmothoe areolata. The residues with surface exposure that can be potentially involved in 
the oxidation of a light-emitting molecule are colored in yellow, orange and green.  
 
 
4.4. Conclusion 
We have generated the first high quality transcriptome of the bioluminescent polynoid 
worm Harmothoe areolata and performed for the first time, a differential gene expression 
analysis to identify genes up-regulated in the dorsal scales. Since the photosomes and therefore 
the bioluminescent system of scale worms is located in these dorsal scales, the genes that we 
have identified with an increased expression level in the scale tissue represent candidate genes 
that might be potentially involved in bioluminescence.  
Based on previous knowledge regarding the scale worm photoprotein polynoidin, which 
has been hypothesized to be triggered by superoxide radicals that result from the oxidation of 
riboflavin (Bassot and Nicolas, 1995; Nicolas et al., 1982) and the fact that other luciferases have 
been identified as peroxidases (Bellisario and Cormier, 1971; Cormier and Dure, 1963; Dure and 
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Cormier, 1963), we propose that the peroxidase homolog up-regulated in the scale tissue of H. 
areolata represents the candidate polynoidin gene. 
We performed phylogenetic analyses including the up-regulated peroxidase sequence and 
additional homologs identified in H. areolata, along with representative peroxidases from a 
variety of metazoans. Our analyses show that the polynoid sequences are in fact peroxidase 
homologs, which can be further classified as peroxinectins. We built a multiple sequence 
alignment and a 3D structural model to further evaluate the potential role of the up-regulated 
peroxinectin as a luciferase. The characteristic amino acid residues of the prosthetic heme group 
of peroxinectins, as well as residues involved in calcium binding and covalent heme-to-protein 
link formation were conserved in the putative polynoidin. Additionally, the general fold of the 
peroxidase domain is well preserved and there are several residues that might be involved in the 
oxidation of a light-emitting compound, such as luciferin. These findings suggest that the H. 
areolata peroxidase up-regulated in the scales represents a functional protein that can potentially 
catalyze a bioluminescent reaction.  
Although functional validation analysis and additional research is required to confirm the 
role of these proteins in Harmothoe bioluminescence, our results suggest that the scale worm 
luciferase polynoidin, might be a peroxidase and that these proteins might have convergently 
evolved the ability to generate light in different taxa, including annelids and hemichordates 
(Bellisario et al., 1972; Bellisario and Cormier, 1971; Cormier and Dure, 1963; Dure and 
Cormier, 1963). 
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Chapter 5 
 
Chapter 5. Are fireworms venomous? Evidence for the convergent evolution of toxin 
homologs in three species of fireworms (Annelida, Amphinomidae). 
Altered from: Verdes, A., Simpson, D. and Holford, M. 2017. Genome Biology and Evolution, 
doi:10.1093/gbe/evx279. 
 
5.1. Introduction 
Animal venoms, primarily defined as toxic biological secretions produced by one animal 
and delivered to another through the infliction of a wound, have originated independently in 
numerous lineages as adaptations for defense, predation and intraspecific competition (Fry et al. 
2009; Casewell et al. 2013). Venoms are amongst the most complex biochemical secretions 
known in nature, but despite this high complexity there is a remarkable degree of convergence in 
both the molecular scaffolds and the targets of venom components (Casewell et al., 2013; Gorson 
et al., 2015). A handful of easy to collect well-known venomous organisms such as snakes, 
spiders or cone snails have been the focus of venom research for decades, and have shaped 
common hypotheses about venom evolution, such as gene duplication being the main driver of 
toxin gene evolution (Wong et al., 2012) or venom cocktails being mainly composed of 
neurotoxic peptides (von Reumont et al. 2014, 2017).  However, the rise of -omics technologies, 
such as genomics, transcriptomics and proteomics, has led to a revival of venom studies using an 
integrated approach referred to as venomics. Applying the venomics strategy to elucidate animal 
venom composition has revealed a high genetic and functional diversity of venom compounds 
across different taxa, and the molecular processes responsible for it (Martinson et al., 2017; von 
 
62	
Reumont et al., 2017; Vonk et al., 2013). Additionally, venomics techniques have been a boon to 
the study of many taxa that were previously neglected due to their small size, difficulty in 
collection and/or limited venom quantities (Verdes et al., 2016). This increase in taxon diversity 
in venom research is providing new perspectives and challenging traditional views about venom 
evolution (Gorson et al., 2015; Huang et al., 2016; Martinson et al., 2017; Modica et al., 2015; 
Perkin et al., 2015; von Reumont et al., 2017; Whelan et al., 2014). To understand the true 
diversity of animal venoms and to propose robust hypotheses regarding venom evolution, it is 
imperative to broaden venom taxon sampling and avoid biases derived from studying a limited 
pool of venomous organisms. 
Annelids are a promising and often neglected group for venomics research. There are 
circa 17,000 described annelid species with an extraordinary diversity of body types, life 
strategies, feeding mechanisms, and striking adaptations (Weigert and Bleidorn, 2016). Several 
annelid lineages use toxins for predation or defense (Figure 5.1), however apart from the widely 
studied salivary secretions of the hematophagous leech (Figure 5.1F) (Amorim et al., 2015; Kvist 
et al., 2016, 2014, 2013; Min et al., 2010; Siddall et al., 2016) and the potent neurotoxins of 
glycerid bloodworms (Figure 5.1E) (von Reumont et al. 2014b; Richter et al. 2017; Bon et al. 
1985; Michel & Keil 1975; Thieffry et al. 1982), venom in segmented worms remains largely 
uncharacterized. Both leeches and bloodworms use venom to assist in feeding. Leeches use 
several anticoagulants and antihemostatic toxins to prevent coagulation in the host tissue during 
blood feeding (Kvist et al., 2016) while glycerid bloodworms use a mixture of toxins to capture 
and immobilize prey (von Reumont et al. 2014b). In addition to the predatory use of venom, 
there are also annelids that utilize toxins as a defensive mechanism (Figures 5.1A–D). For 
example, the earthworm Eisenia foetida (Figure 5.1D) expels its coelomic fluid when threatened, 
 
63	
which contains Lysenin, a pore-forming hemolytic protein that is toxic to vertebrates (Kobayashi 
et al., 2004). Similarly, fireworms (Amphinomidae) (Figures 5.1A–C) which are common in 
shallow warm and temperate waters and include colorful reef-dwelling species, are well-known 
among divers and reef enthusiasts for their painful sting (Ahrens et al., 2013; Barroso et al., 
2009; Borda et al., 2015, 2012; Wiklund et al., 2008).   
 
Figure 5.1. Phylogeny of the family Amphinomidae and venomous annelid representatives. Phylogenetic tree of the 
family Amphinomidae with the genera that include the three fireworm species investigated here, highlighted in bold. 
Cladogram based on phylogenetic reconstruction from Borda et al. (2015). Images of the fireworm species focus of 
this study are shown to the right: Paramphinome jeffreysii (A); Eurythoe complanata (B) and Hermodice 
carunculata (C). Fireworm species are grouped with earthworm (D) Eisenia foetida based on their defensive use of 
toxins and highlighted in yellow. Representatives of species that use venom for predation are also shown, 
highlighted in blue: bloodworm Glycera capitata (E) and leech Helobdella europaea (F). Images courtesy of Arne 
Nygren (A), Denis Riek (B), Arthur Anker (C) and Alexander Semenov (E). Remainder images (F, D) are publicly 
available under Creative Commons License. 
 
Amphinomidae has been traditionally placed within Errantia (Rouse and Fauchald, 1997) 
until recent molecular studies revealed their phylogenetic position as sister group, together with 
Sipuncula, to all Pleistoannelida (Sedentaria + Errantia) (Andrade et al., 2015; Weigert et al., 
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amphinomids are crucial to clarify the basal relationships in the annelid tree of life, and to 
investigate the origin and evolution of key adaptations such as venom. There are approximately 
200 described species and 25 genera of fireworms (Glasby et al., 2000; Rouse and Pleijel, 2001) 
that share a series of morphological apomorphies such as nuchal organs on a sensory structure 
referred to as the caruncle, a ventral muscular eversible proboscis with thickened cuticle on 
circular lamellae, and calcareous chaetae (Borda et al., 2012; Rouse and Fauchald, 1997; 
Wiklund et al., 2008). The calcareous chaetae have been hypothesized to function as hypodermic 
needles that deliver an active toxin, which was identified as a trimethylammonium compound 
that causes strong skin irritation from the species Eurythoe complanata, and was consequently 
named Complanine (Borda et al. 2012; Nakamura et al. 2008, 2010; von Reumont et al. 2014b). 
Gustafson (1930) attributed the toxicity of fireworms to a clear gelatinous substance filling the 
chaetal core, while Schulze et al. (2017) using light microscopy, reported that the chaetal core 
was hollow and that a small amount of fluid was occasionally released from the tip of the chaeta. 
Additionally, scanning electron microscopy studies showed that some chaetae are grooved, 
adding another potential channel for toxin delivery (Schulze et al., 2017). However, to date, no 
specific secretory glands have been found near the base of the chaetae (Eckert, 1985; Schulze et 
al., 2017). More recently, in their ultrastructural study of Eurythoe complanata, Tilic et al. 
(2017) found no evidence of chaeta functioning as hypodermic needles and suggested that the 
chaetae are not hollow, but filled with a calcium carbonate matrix that might dissolve leaving a 
central cavity when exposed to acidic fixatives.  
The conflicting evidence regarding the possible function of the calcareous chaetae as a 
toxin delivery system and the fact that no secretory tissue has been identified near the base of the 
chaetae has generated doubt about the venomous nature of fireworms (Tilic et al., 2017). Here, 
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we attempt to clarify this question by investigating the transcriptomes of three species of 
fireworms, Hermodice carunculata, Eurythoe complanata and Paramphinome jeffreysii 
(Amphinomidae) following a venomics approach. We identified 34 clusters of orthologous genes 
that represent 13 distinct toxin classes that have been convergently recruited into a wide array of 
animal venoms (Figures 5.1A–C). Our findings provide compelling evidence that fireworms 
produce a venomous secretion composed of a diverse cocktail of toxins used for defense against 
predators, and offer insights into the potential functions of toxin genes in fireworms. 
 
5.2. Methods 
5.2.1. Sample collection, RNA extraction and sequencing 
An individual of Hermodice carunculata was collected by SCUBA from Norman’s Pond 
Cay Cave, Norman’s Pond Cay, Exumas (Bahamas) and transported back to the field station 
where it was flash frozen in liquid nitrogen. A cross section of the posterior end of the animal 
was dissected for total RNA extraction. The tissue was homogenized in TriZol reagent (Life 
Technologies, NY) and total RNA was precipitated with isopropanol and dissolved in distilled 
water. Total RNA was used as template to perform polyA enriched first strand cDNA synthesis 
using the HiSeq RNA sample preparation kit for Illumina Sequencing (Illumina Inc., CA) 
following manufacturer’s instructions. Total RNA and the resulting cDNA library were assessed 
for quality and concentration with the Agilent 2100 BioAnalyzer and with agarose gel 
electrophoresis. The cDNA library was sequenced with Illumina HiSeq 1000 using a paired end 
flow cell and 80 x 2 cycle sequencing at the New York Genome Center (USA). Transcriptomes of 
P. jeffreysii and E. complanata were generated as described in Weigert et al. (2014) from RNA 
extracted from the anterior end for P. jeffreysii and from a pool of individuals for E. complanata. 
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5.2.2. Raw read processing and transcriptome assembly 
Raw reads for H. carunculata were visualized and quality checked with FastQC v0.11.5 
(www.bioinformatics.babraham.ac.uk). Adapter sequences and low-quality reads were removed 
using Trimmomatic v0.36 (Bolger et al., 2014) and trimmed reads were re-evaluated with 
FastQC to ensure the high quality of the data after the trimming process. Due to the lack of a 
reference genome, the processed reads were de novo assembled using Trinity v2.4.0 (Grabherr et 
al., 2011; Haas et al., 2013). Transcriptomes for E. complanata and P. jeffreysii were generated 
as described in Weigert et al. (2014). See Table S5.1, Appendix 4 for assembly statistics.   
 
5.2.3. Identification and annotation of putative toxins 
The three de novo assembled fireworm transcriptomes were analyzed to identify putative 
toxins and venom components following a custom in silico venomics pipeline modified from 
Verdes et al. (2016) (Figure 5.2). Briefly, TransDecoder v3.0.1 (Haas et al., 2013) was first used 
to predict protein-coding regions within transcripts. As venom is mainly composed of secreted 
proteins and peptides, SignalP v4.1 (Petersen et al., 2011) was then used to predict signal peptide 
sequences in the putative coding regions.  
Putative coding regions that included a signal peptide were extracted using a custom Perl 
script and analyzed following two different homology search strategies, namely sequence 
similarity searches using the BLASTP tool of the NCBI BLAST v2.6.0 package (Altschul, 1997; 
Johnson et al., 2008) and with HMMER v3.1b2 (Eddy, 2009; Finn et al., 2015). Transcripts were 
searched using the BLASTP tool (Altschul, 1997; Johnson et al., 2008) against an in-house 
database that includes all known toxins available in public databases such as ConoServer (Kaas 
et al., 2012, 2008) or Tox-Prot (Jungo et al., 2012; Jungo and Bairoch, 2005) and additional 
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putative toxins identified by the Holford group. In parallel, transcripts were also searched using 
HMMER (Finn et al., 2011) against hidden Markov models (HMM) profiles built from 
alignments of 24 known venom protein classes derived from a recent study of bloodworm 
(Glyceridae) venom gland transcriptomics (von Reumont et al. 2014b) and from public databases 
as mentioned above. The HMM profiles were built using complete sequence alignments (HMM 
sequence) and alignments of specific domain regions of each venom protein class (HMM 
domain) that had been previously identified with InterProScan v64.0 (Mulder and Apweiler, 
2008; Zdobnov and Apweiler, 2001) in Geneious R10 (Kearse et al., 2012).  
 
 
Figure 5.2. Venomics pipeline for the identification of toxin homologs. Diagram of the bioinformatics pipeline 
followed to identify putative venom components in fireworms. The different steps are highlighted with colored ovals 
and the corresponding software used indicated below each step. After RNA extraction and sequencing, the first step 
is data processing (green) and de novo assembly of the transcriptomes. Subsequently, a gene prediction and filtering 
step (grey) is performed, in which contigs are translated into amino acids, and open reading frames and signal 
sequences are predicted. The following step is a homology search (blue) using three different search strategies based 
on BLAST, HMMER-sequence and HMMER-domain. The results are merged and the putative toxins validated 
(maroon) through BLAST and phylogenetic reconstructions to generate a final list of candidate toxins (yellow). 
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redundant sequences, searched against the UniProtKB/Swiss-Prot non-redundant protein 
sequence database using BLASTP (Altschul, 1997; Johnson et al., 2008) for cross validation. 
Transcripts initially identified as putative toxins were included in the final candidate toxin list 
only if 1) the best hit from the UniProtKB/Swiss-Prot database had a higher e-value than the 
initial hit from the venom database or HMM profile, or 2) the best hit from the 
UniProtKB/Swiss-Prot database was labeled as a toxin. Transcripts initially identified as putative 
toxins that did not meet these criteria were considered false positives and excluded from 
downstream analyses. The final databases of candidate toxins for each species were manually 
curated and orthologous clusters of putative toxins shared by the three species were identified 
and annotated with OrthoVenn (Wang et al., 2015). 
 
5.2.4. Phylogenetic reconstruction of putative toxins 
Phylogenetic analyses of individual toxin families including amphinomid homologs were 
performed to validate the orthology predictions derived from the venomics pipeline and to 
investigate toxin evolutionary relationships and possible origins. Selected putative toxins (i.e. 
non-redundant contigs that were identified as a toxin by all search methods) and homologous 
sequences from venomous and non-venomous taxa spanning the Metazoa were downloaded from 
NCBI GenBank and provided by von Reumont et al (2014b) and aligned with MAFFT v7.310 
(Katoh and Standley, 2013). The best model of protein evolution for each family was selected 
with ProtTest 3 (Darriba et al., 2011) and used for phylogenetic tree reconstruction in RAxML-
HPC-PTTHREADS v8.2.10 (Stamatakis, 2014, 2006) with support values estimated through a 
rapid bootstrap algorithm and 1,000 pseudo-replicates. All trees where rooted with non-
venomous homologs.  
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5.3. Results and Discussion 
5.3.1. Diversity of fireworm toxin genes 
Transcriptomic analyses of fireworms, H. carunculata, E. complanata and P. jeffreysii, 
revealed a wide diversity of putative toxin genes belonging to toxin classes that have been 
convergently recruited into other animal venoms (Figure 5.3). The greatest diversity was found 
in E. complanata with 438 putative toxins representing 30 toxin classes, followed by H. 
carunculata with 261 putative toxins distributed in 24 toxin classes and P. jeffreysii with 169 
putative toxins representing 22 toxin classes. Although differences in toxin composition are 
commonly found among different species (Barghi et al., 2015; Colinet et al., 2013; Phuong et al., 
2016), the lower diversity of toxin homologs recovered from some species might also be 
explained by differences in library construction methods and sequencing depth between the three 
transcriptomes (see Table S5.1, Appendix 4). 
The three fireworms share a similar toxin profile, with C-type lectin being the most 
diverse toxin class in all cases, and peptidase S1, metalloproteinase M12, spider toxin and CAP 
found among the most highly expressed toxin homologs, altogether representing approximately 
60% of all putative toxins identified (Figure 5.3). Kazal-domain and Kunitz-type protease 
inhibitors are also among the most diverse toxin homologs expressed in the transcriptomes of H. 
carunculata and E. complanata, whereas in P. jeffreysii spider neurotoxins including agatoxin, 
ctenitoxin, hainantoxin and latrotoxin homologs are the second most diverse expressed putative 
toxins (Figure 5.3). The evolutionary relationships among the species identified might explain 
the higher similarity in the toxin profiles of H. carunculata and E. complanata and the greater 
differences with P. jeffreysii (Figure 5.1).  
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Figure 5.3. Diversity of toxin homologs identified in each fireworm species. Pie charts show the diversity of toxin 
homologs identified in each transcriptome. Toxin homologs are grouped by toxin class and numbers inside the pie 
chart indicate the relative abundance of each toxin class, as the percentage of the total number of toxins (i.e. 261 in 
H. carunculata, 438 in E. complanata and 169 in P. jeffreysii). The number of transcripts corresponding to each 
toxin class is indicated in parenthesis. Abbreviations are as follows: CLEC, C-type lectin; M12, metalloproteinase 
M12; PEP S1, peptidase S1; PEP S10, peptidase S10; PL, phospholipase; ShK, ShKT-domain containing peptides; 
AChE, acetylcholinesterase; SMase, sphingomyelinase. Other, groups a variety of less abundant toxin homologs. 
 
A recent transcriptomic study found a similar profile of toxins expressed in the venom 
gland of the bloodworm Glycera dibranchiata (Annelida, Glyceridae) with peptidase S1 being 
the most abundant class, and metalloproteinase M12, C-type lectin and CAP found among the 
most abundantly expressed toxins, adding up to ~60% of the overall toxins identified (von 
Reumont et al. 2014b). In addition, ~25% of the putative toxins identified in each of the three 
species investigated here are homologs of Glycera venom compounds, suggesting that both 
glycerids and amphinomids have convergently recruited the same proteins into their toxic 
secretions, as it has been demonstrated for multiple venomous taxa (Fry et al. 2009).  
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5.3.2. Interspecific variation in toxin composition 
In addition to the more diverse toxin homologs found in H. carunculata, E. complanata 
and P. jeffreysii fireworm transcriptomes, a variety of less common but particularly interesting 
venom toxin-like genes were identified in just one or two of the species, potentially reflecting 
interspecific variation in toxin composition (Figure 5.3). Inter- and intraspecific variation in 
venom composition have been documented as a result of diverse factors such as sex, ontogeny, 
diet or geographical locality (Barghi et al., 2015; Cipriani et al., 2017; Colinet et al., 2013; 
Phuong et al., 2016; Sunagar et al., 2014). Therefore, it is reasonable to find differences in toxin 
composition in the fireworm species investigated here that may not be due to experimental 
procedures (Figure 5.1 and Table S5.1, Appendix 4).  
The putative species-specific toxins identified include most notably homologs of sea 
anemone and conoidean mollusk neurotoxins and several cytolysins (Figure 5.3). Among the 
neurotoxin homologs, we recovered transcripts with strong sequence similarity to conoidean 
neurotoxins, including two conotoxin-like peptides in E. complanata and four in P. jeffreysii, one 
teretoxin homolog in H. carunculata and two in E. complanata, and five turritoxin-like peptides 
in E. complanata. Conoidean venom peptides generally show remarkably high specificity to their 
molecular target and typically interfere with processes in the nervous system via inhibition of 
transmembrane ion channels and receptors (Leffler et al., 2017; Teichert et al., 2015). We also 
identified several cytolysins homologs, including one actinoporin-like transcript from each 
transcriptome, 4 gigantoxin homologs from P. jeffreysii, and one latarcin-like peptide from of H. 
carunculata. Actinoporin and gigantoxin are highly conserved pore-forming toxins initially 
identified in sea anemones that show cytolytic, hemolytic and nerve stimulatory activity 
(Anderluh and Maček, 2002; Hu et al., 2011). Gigantoxin also elicits acute pain by interfering 
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with TRPV1 channels, which are ligand-gated non-selective cation channels expressed in the 
peripheral sensory neurons and involved in pain sensation (Cuypers et al., 2011). The other 
putative cytolytic toxin identified is a latarcin-like peptide. Latarcins are antimicrobial and 
cytolytic peptides from the venom of the spider Lachesana tarabaevi that adopt an amphiphilic 
α-helical structure in contact with lipid membranes and show general cytotoxicity and hemolytic 
activity (Dubovskii et al., 2015; Kozlov et al., 2006).  
 
5.3.3. Functional categories and biological activity of fireworm toxins 
Identifying the overlap of clusters of orthologous sequences across multiple species 
allows us to derive hypotheses about the function and evolution of proteins (Wang et al., 2015). 
The web platform OrthoVenn (Wang et al., 2015) was used to identify and annotate orthologous 
clusters of fireworm toxin-like genes and infer putative functions and biological activities that 
could explain the physiological symptoms observed after fireworm stings. The total 868 toxin-
like genes recovered from the transcriptomes of the three species (438 from E. complanata, 261 
from H. carunculata and 169 from P. jeffreysii) (Figure 5.3) were compared and 34 clusters of 
orthologous genes (Tables S5.2 and S5.3, Appendix 4) that represent 13 distinct toxin classes 
were identified (Figure 5.4). For convenience, we classified them into four functional categories: 
protease inhibitors (cystatin, lipocalin, serpin and kazal- and kunitz-type protease inhibitors), 
proteolytic enzymes (metalloproteinase M12, peptidases S1 and S10), neurotoxins (ShK-like, 
spider toxins and turripeptide-like) and other proteins (CAP, C-type lectins and phospholipases).  
 
Protease inhibitors: cystatin, lipocalin, serpin, kazal domain and kunitz-type protease inhibitors 
Cystatins are cysteine-proteinase inhibitors that play important regulatory roles in protein 
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Figure 5.4. Orthologous toxins in fireworms and associated functions. Alluvial diagram showing the 253 
orthologous toxins identified in the three fireworm species in the first node, the toxin class to which they belong in 
the second node, and the associated biological function in the third node. The relative abundance of toxin homologs 
corresponding to each category (species, toxin class and function) is shown below the name as a percentage of the 
total. The number of transcripts that correspond to each category is shown in parenthesis. Abbreviations are as 
follows: CLEC, C-type lectin; M12, metalloproteinase M12; PEP S1, peptidase S1; PEP S10, peptidase S10; PL, 
phospholipase; ShK, ShKT-domain containing peptides. 
 
degradation processes (Kordis and Turk, 2009). Cystatins have been found in the venoms of 
several organisms, such as reptiles, caterpillars, ticks, mosquitoes, nematodes and segmented 
worms (Schwarz et al. 2012; Chmelař et al. 2017; Hartmann & Lucius 2003; Fry et al. 2009; 
Kvist et al. 2016, 2014; von Reumont et al. 2014b). In nematodes, cystatins modulate host 
immune response and can act as proinflammatory molecules whereas tick and leech cystatins are 
antihemostatic effectors involved in blood feeding (Chmelař et al., 2017; Hartmann and Lucius, 
2003; Kvist et al., 2016). Twelve cystatin homologs were recovered among the putative 
fireworm toxins that form an orthologous cluster. The Eurythoe and Paramphinome cystatins 
form a strongly supported clade and are closely related to the Glycera bloodworm cystatins and 
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the cnidarian Cyanea capillata (Figure 5.5). The Hermodice cystatin-like genes are found 
elsewhere in the tree more closely related to other cystatins from non-venomous taxa. 
Interestingly, the Eurythoe and Paramphinome putative cystatins do not cluster with other 
cystatin homologs from non-venomous annelids (Capitella and Perinereis) suggesting the 
involvement of this protein in fireworm toxicity.  
 Lipocalins are small extracellular proteins that bind small hydrophobic molecules and 
show great functional diversity including roles in retinol and pheromone transport, olfaction, 
prostaglandin synthesis, cell homeostasis and modulation of the immune response (Flower, 
1996). Lipocalins have been recruited into a wide variety of animal venoms including bats and 
snakes (Junqueira-de-Azevedo et al., 2016; Low et al., 2013; Wei and Chen, 2012), annelids 
(von Reumont et al. 2014b) and most notably, the venom and salivary secretions of a variety of 
hematophagous arthropods such as ticks, kissing bugs and blood feeding dipterans, serving a 
variety of antihemostatic functions (Fry et al. 2009; Andersen et al. 2005; Santos et al. 2007; 
Mans et al. 2003; Ribeiro et al. 2007). Lipocalins have also been identified as major allergens 
inducing severe anaphylactic reactions in humans after hematophagous insect bites (Paddock et 
al., 2001). Sixteen lipocalin-like genes belonging to two orthologous clusters were identified in 
the H. carunculata, E. complanata and P. jeffreysii transcriptomes. All putative fireworm 
lipocalins except one, cluster in a single clade (albeit not supported) that includes Lopap, a 
lipocalin from the Lonomia obliqua caterpillar venom that contributes to hemorrhagic syndrome 
through prothrombin activation (Figure 5.6) (Reis et al., 2006).  
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Figure 5.5. Phylogenetic tree of cystatin sequences. Cystatin phylogeny including sequences from venomous and 
non-venomous taxa and fireworm homologs. Sequences from non-venomous taxa are indicated with closed circles 
and fireworm homologs are highlighted in bold. Tree reconstructed with RAxML-HPC-PTTHREADS v8.2.10 and 
support values estimated through a rapid bootstrap algorithm and 1,000 pseudo-replicates. Bootstrap support values 
are given for all nodes and clade names are indicated by colored squares. 
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Figure 5.6. Phylogenetic tree of lipocalin sequences. Lipocalin phylogeny including sequences from venomous and 
non-venomous taxa and fireworm homologs. Sequences from non-venomous taxa are indicated with closed circles 
and fireworm homologs are highlighted in bold. Tree reconstructed with RAxML-HPC-PTTHREADS v8.2.10 and 
support values estimated through a rapid bootstrap algorithm and 1,000 pseudo-replicates. Bootstrap support values 
are given for all nodes and clade names are indicated by colored squares. 
 
Serpin homologs were also recovered among the putative fireworm toxins. Serpins are a 
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inhibit serine proteases, although serpins that inhibit caspases and papain-like cysteine proteases 
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proteolytic cascades involved in a variety of biological processes like coagulation, inflammation 
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secretions of numerous taxa, including vertebrates like male platypus, snakes and frogs (Braud, 
2000; Rokyta et al., 2012; Wong et al., 2012; Wu et al., 2011), cnidarians (Liu et al., 2015), 
annelids such as leeches and bloodworms (von Reumont et al. 2014b; Kvist et al. 2014, 2016) 
and arthropods including remipede crustaceans, caterpillars, parasitoid wasps and blood feeding 
insects like ticks and mosquitoes (von Reumont et al. 2014c; Veiga et al. 2005; Yan et al. 2017; 
Chmelař et al. 2017; Kato et al. 2010; Chagas et al. 2013; Poirié et al. 2014). We have identified 
twelve serpins among the putative fireworm toxins that form a single orthologous cluster. Ten 
out of the twelve toxins group in one clade in the serpin tree whereas the remaining two are 
clustered in another clade that includes human, crustacean and parasitoid wasp serpins (Figure 
S5.1, Appendix 4). 
Kazal-type inhibitors are serine protease inhibitors characterized by the presence of one 
or more Kazal domains, 40-60 amino acid long domains with a conserved structure of six 
cysteine residues forming three disulfide bridges (Laskowski and Kato, 1980; Rimphanitchayakit 
and Tassanakajon, 2010). Kazal-type inhibitors act on a variety of serine proteases including 
thrombin, trypsin, factor XIIa, subtilisin A, elastase, chymotrypsin and plasmin (Sigle and 
Ramalho-Ortigão, 2013) and have been reported from the venoms of snakes and bats (Fernández 
et al., 2016; Francischetti et al., 2013; Low et al., 2013), jellyfish (Liu et al., 2015), leeches and 
bloodworms (Kvist et al. 2014; von Reumont et al. 2014b) and an array of insects including 
caterpillars, termites, bees, parasitoid wasps, and blood feeding arthropods like ticks, flies and 
mosquitoes (Kim et al., 2013; Negulescu et al., 2015; Qian et al., 2015; Ribeiro et al., 2007; 
Sigle and Ramalho-Ortigão, 2013; Takác et al., 2006; Veiga et al., 2005). We identified two 
orthologous clusters of putative fireworm toxins with Kazal domains, one with 3 sequences 
showing similarity to kazal-type inhibitors and the other with 4 sequences resembling 
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turripeptides (the latter will be discussed in the neurotoxin section). The putative kazal-type 
fireworm toxins are found in several clades across the tree, mainly clustering with kazal-type 
toxins recovered from the venom gland of Glycera bloodworms (von Reumont et al. 2014b) 
(Figure 5.7). Interestingly, one Paramphinome transcript (PJKAZ1) clusters with Vasotab, a 
kazal-type inhibitor identified from the salivary glands of the horse fly Hybomitra bimaculata 
that functions as a vasodilator (Takác et al., 2006) (Figure 5.7). 
 
 
Figure 5.7. Phylogenetic tree of Kazal-type protease inhibitors. Kazal-type inhibitor phylogeny including sequences 
from venomous and non-venomous taxa and fireworm homologs. Sequences from non-venomous taxa are indicated 
with closed circles and fireworm homologs are highlighted in bold. Tree reconstructed with RAxML-HPC-
PTTHREADS v8.2.10 and support values estimated through a rapid bootstrap algorithm and 1,000 pseudo-
replicates. Bootstrap support values are given for all nodes and clade names are indicated by colored squares. 
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Kunitz-type protease inhibitors were also identified among the putative fireworm toxins. 
Kunitz-type inhibitors are ubiquitous serine protease inhibitors of approximately 60 amino acids 
with three conserved disulfide bridges that show inhibitory activity against trypsin, 
chymotrypsin, or both (Laskowski and Kato, 1980; Wan et al., 2013). They have been identified 
from a variety of animal venoms including snakes and frogs (Calvete et al., 2007; Wang et al., 
2012; Yuan et al., 2008), leeches and bloodworms (Kvist et al. 2016; von Reumont et al. 2014b), 
sea anemones and cone snails (Bayrhuber et al., 2005; Isaeva et al., 2012; Schweitz et al., 1995), 
scorpions and spiders (Ding et al., 2015; Yuan et al., 2008), and a variety of insects like bees, 
wasps, ticks, flies (Choo et al., 2012; Soares et al., 2012; Tsujimoto et al., 2012; Yang et al., 
2009). They contribute to the toxicity of the venom functioning as ion-channel blockers or 
interfering with physiological processes like blood coagulation, fibrinolysis and inflammation 
(Wan et al., 2013). One orthologous cluster comprising 5 kunitz-domain sequences was 
recovered among the putative toxins identified in H. carunculata, E. complanata and P. jeffreysii 
transcriptomes. The deep structure of the kunitz-type protease inhibitor phylogeny is poorly 
supported and does not reveal a clear evolutionary pattern (Figure S5.2, Appendix 4). The 
fireworm kunitz-domain transcripts group with different non-venomous taxa, except for two 
transcripts that are found in a clade including scorpion venom kunitz-type inhibitors (Figure 
S5.2, Appendix 4). 
 
Proteolytic enzymes: metalloproteinase M12, peptidase S1 and peptidase S10  
The M12 family of zinc dependent metalloproteinases has been widely recruited into the 
venoms of many taxa including snakes, platypus, scorpions, spiders, cnidarians, cephalopods, 
mollusks, leeches and bloodworms (Da Silveira et al. 2007; Xia et al. 2013; Kvist et al. 2016; 
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von Reumont et al. 2014b; Wong et al. 2012; Modica et al. 2015) where they interfere with 
cellular processes inducing various effects such as skin damage, edema, inflammation, 
hemorrhage, hypotension and necrosis (von Reumont et al. 2014b). Metalloproteinase-like 
transcripts are among the most diverse putative fireworm toxins identified, with 36 transcripts 
distributed in 7 orthologous clusters representing both the astacin (M12a) and reprolysin (M12b) 
subfamilies. The fireworm metalloproteinase-like sequences are distributed in two clades with 
one including also the astacin-like annelid bloodworm sequences and the other including the 
reprolysin-like bloodworm sequences (Figure 5.8). 
The S1 family is the largest family of peptidases and includes serine proteases involved 
in a number of key biological processes, paramount among them are blood coagulation and 
immune responses (Page and Di Cera, 2008). It is one of the most widely recruited venom 
proteins, recovered from the toxic secretions of a variety of taxa such as, reptiles, shrews, 
platypuses and vampire bats (Kita et al., 2004; Kratzschmar et al., 1991; Menaldo et al., 2012; 
Vaiyapuri et al., 2011; Whittington et al., 2010), mollusks, annelids, cephalopods (Ruder et al. 
2013; von Reumont et al. 2014b; Modica et al. 2015) and numerous arthropods including 
centipedes, remipede crustaceans, bees, parasitic wasps, ticks, mosquitoes and caterpillars 
(Amarant et al. 1991; Xu et al. 2005; Ribeiro et al. 2007; Liu et al. 2012; von Reumont et al. 
2014c; Choo et al. 2010; Asgari et al. 2003). In the venom, peptidase S1 serine proteases show 
varied activities such as anticoagulation, vasodilation, smooth muscle contraction, pain, 
immunosuppression and inflammation (von Reumont et al. 2014). Peptidase S1 are among the 
most diversified class of putative toxins in the fireworm transcriptomes, with 30 transcripts 
belonging to three orthologous clusters. Most peptidase S1-like genes cluster with bloodworm 
sequences (Figure S5.3, Appendix 4) and interestingly, a particularly large clade that includes 
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transcripts from all three fireworm species and two Glycera species also includes serine 
proteases identified from the posterior venom glands of the cephalopod Octopus kaurna (Fry et 
al. 2009). 
 
 
Figure 5.8. Phylogenetic tree of metalloproteinase M12 sequences. Metalloproteinase M12 phylogeny including 
sequences from venomous and non-venomous taxa and fireworm homologs. Sequences from non-venomous taxa are 
indicated with closed circles and fireworm homologs are highlighted in bold. Tree reconstructed with RAxML-HPC-
PTTHREADS v8.2.10 and support values estimated through a rapid bootstrap algorithm and 1,000 pseudo-
replicates. Bootstrap support values are given for all nodes and clade names are indicated by colored squares. 
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Unlike peptidase S1, the S10 family of serine proteases has not been as widely recruited 
into animal venoms. Venom serine carboxypeptidases have been found in the venoms of bees (Li 
et al., 2013), parasitoid wasps (Perkin et al., 2015), assassin bugs (Walker et al., 2017), remipede 
crustaceans (von Reumont et al., 2017), the giant triton snail (Bose et al., 2017) and glycerid 
bloodworms (von Reumont et al. 2014b). Venom serine carboxypeptidases have various 
physiological functions including enhancing the release of histamine, neurotransmitter 
degradation and neurotoxicity, mediation of immune response and phosphorylation of venom 
proteins (Bose et al., 2017; Li et al., 2013). S10 peptidases are also recognized allergens of bee 
venom, inducing strong systemic IgE-mediated allergic reactions (Li et al., 2013). We recovered 
20 peptidase S10-like transcripts that represent 3 orthologous clusters among the putative 
fireworm toxins. All fireworm sequences cluster in one large clade that also includes the 
bloodworm sequences, which might suggest an annelid specific radiation of this protein class 
(Figure S5.4, Appendix 4). 
 
Neurotoxins: ShKT, spider toxins and turripeptide-like  
ShKT-domain containing peptides where recovered from the three fireworm 
transcriptomes. ShKT-domains were initially discovered from sea anemone peptide toxins, 
which are potent inhibitors of potassium channels (Castañeda et al., 1995; Castañeda and 
Harvey, 2009) and have been posteriorly reported from a variety of proteins including venom 
toxins from other cnidarians, snakes, ribbon worms, vampire snails and bloodworms (Modica et 
al. 2015; von Reumont et al. 2014b; Ponce et al. 2016; Whelan et al. 2014). ShKT domain-
containing transcripts are one of the most expressed toxins in the venom glands of the 
bloodworm Glycera dibranchiata (von Reumont et al. 2014b). Most cnidarian ShKT toxins 
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cause paralysis, although some show hemolytic effects (von Reumont et al. 2014b). In the 
vampire snail Colubraria reticulata, ShKT toxins might act as anesthetics (Modica et al., 2015) 
whereas in Glycera bloodworms they are thought to be involved in paralysis and death of prey 
(von Reumont et al. 2014b). We have identified one orthologous cluster of ShKT-domain toxins 
including 5 transcripts among the fireworm toxin-like genes. The fireworm ShKT-domain toxins 
are grouped in a large clade that includes the bloodworm sequences and the cnidarian toxins 
(Figure 5.9). The fireworm ShKT-domain transcripts contain the six conserved cysteines 
characteristic of this domain and thus are able to form the three disulfide bonds that stabilize sea 
anemone toxins (Castañeda and Harvey, 2009). 
 
Figure 5.9. Phylogenetic tree of ShKT-domain containing peptides including venomous and non-venomous taxa. 
Sequences from non-venomous taxa are indicated with closed circles and fireworm homologs are highlighted in 
bold. Tree reconstructed with RAxML-HPC-PTTHREADS v8.2.10 and support values estimated through a rapid 
bootstrap algorithm and 1,000 pseudo-replicates. Bootstrap support values are given for all nodes and clade names 
are indicated by colored squares. 
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We have also identified a variety of spider toxin-like genes in the fireworm 
transcriptomes, including homologs of agatoxin, atracotoxin, ctenitoxin, hainantoxin and 
latrotoxin. The majority of these spider toxins are potent neurotoxins that block different voltage-
gated potassium, sodium, and calcium ion channels, causing paralysis and severe pain (Kubista 
et al., 2007; Vassilevski et al., 2009). We recovered one orthologous cluster that includes 9 
ctenitoxin-like sequences. Ctenitoxins are neurotoxins that contain an inhibitor cysteine-knot 
motif, first identified from the venom of the hunting spider Cupiennius salei that act as L-type 
calcium channel inhibitors but also show cytolytic activity (Kubista et al., 2007; Kuhn-Nentwig 
et al., 2012). 
Turripeptides are short peptides with conserved cysteine patterns, discovered from the 
venom of turrids, a diverse group of conoidean mollusks related to cone snails and terebrids 
(Watkins et al., 2006). Turripeptide-like toxins have also been reported from the venom glands 
of Glycera bloodworms, box jellyfish and zoanthids (von Reumont et al. 2014b; Brinkman et al. 
2015; Huang et al. 2016). Turripeptides function as neurotoxins modulating ion channels and 
causing disruption of the neuromuscular transmission, which leads to paralysis of prey (Aguilar 
et al., 2009; Gonzales and Saloma, 2014). One orthologous cluster including 4 turripeptide-like 
transcripts with the Kazal-domain characteristic of turripeptides was identified among the 
fireworm putative toxin genes. The turripeptide-like toxins have a predicted signal sequence with 
high sequence identity to that of turripeptides and the same cysteine pattern (Figure 5.10).  
 
Other proteins: C-type lectins, CAP and phospholipases  
The superfamily of C-type lectin-like domain (CTLD) proteins is a large group of 
extracellular proteins with varied functions (Zelensky and Gready, 2005) that has been recruited  
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Figure 5.10. Multiple sequence alignment of turripeptide-like sequences. Multiple sequence alignment of 
turripeptides and fireworm homologs generated with MAFFT v7.310. Conserved residues are colored, including the 
conserved cysteines, which are highlighted in yellow. The predicted signal sequence is delimited by a yellow square 
and the Kazal domain is delineated by a purple square. 
 
into the venoms of numerous taxa including snakes, stonefish, cnidarians, crustaceans, blood 
feeding insects, caterpillars, leeches and bloodworms (Lopes-Ferreira et al. 2011; Magalhães et 
al. 2006; Morita 2005; Huang et al. 2016; von Reumont et al. 2017; Veiga et al. 2005; Kvist et al. 
2016; von Reumont et al. 2014b; Ribeiro et al. 2007). CTLD proteins are the most diverse toxin 
homolog recovered from the fireworm transcriptomes, with 63 toxins distributed in 9 
orthologous clusters revealing a great diversity of paralogs that cluster with Glycera bloodworm 
sequences in several clades across the phylogenetic tree (although many clades are not well 
supported) (Figure S5.5, Appendix 4). Venom C-type lectins are associated with 
hemagglutination, hemostasis and inflammatory response (Huang et al., 2016). For example, 
snake venom CTLD proteins interfere with blood coagulation pathways, whereas those in 
caterpillar venom have a potent anticoagulant effect and the homologs in blood feeding insects 
might have an antihemostatic function (Morita 2005; Veiga et al. 2005; Fry et al. 2009).  
 The CAP protein superfamily includes cysteine-rich secretory proteins (CRISPs), antigen 
5 (Ag5) and pathogenesis-related 1 proteins (Pr-1) (Gibbs et al., 2008). CAP proteins have been 
recruited into the venoms of many taxa including reptiles, bats, monotremes, cnidarians, 
mollusks, crustaceans, spiders, scorpions, nemerteans and bloodworms (von Reumont et al. 
2014b; Whelan et al. 2014; Wong et al. 2012; Low et al. 2013; Fry et al. 2009; Moran et al. 
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2013; von Reumont et al. 2017). In snake venom, CAP proteins function as ion channel 
modulators inhibiting smooth muscle contraction (Yamazaki and Morita, 2004), whereas in cone 
snails they have proteolytic activity (Milne et al., 2003) and in hymenopteran venoms they 
represent major allergens (Fang et al., 1988). We have identified 11 CAP homologs that belong 
to 2 orthologous clusters among the fireworm putative toxins. The fireworm CAP homologs 
cluster in a clade (although with no support) that includes the rest of the annelid sequences and a 
few arthropod sequences (Figure S5.6, Appendix 4).  
 A variety of phospholipase homologs have also been detected among the putative 
fireworm toxins. Phospholipases catalyze the hydrolysis of phospholipids generating free fatty 
acids and lysophospholipids, and thus inducing indirect hemolysis (Dennis, 1983; Kini, 2003). 
Phospholipases have been convergently recruited into the venoms of reptiles, cnidarians, 
cephalopods, insects, scorpions, spiders and annelids and they have multiple pharmacological 
effects including neurotoxicity, cytotoxicity and myotoxicity (Veiga et al. 2005; King et al. 1996; 
von Reumont et al. 2014b; Kini 2003; Huang et al. 2016; Nevalainen 2008; Fry et al. 2009). 
Venom phospholipases can induce necrosis, inflammation, inhibition of blood coagulation and 
blocking of the neuromuscular transmission (Kini 2003; Fry et al. 2009; Huang et al. 2016). We 
have recovered 27 phospholipase-like genes in two orthologous clusters, one corresponding to 
phospholipase B homologs and the other including phospholipase A2 homologs. Several of the 
fireworm phospholipases cluster with Glycera bloodworm sequences whereas others form a 
clade more closely related with snake phospholipases (Figure S5.7, Appendix 4).  
 
5.3.4. Evidence of the venomous nature of fireworms 
We have identified a great number and diversity of toxin homologs in the transcriptomes 
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of E. complanata, H. carunculata and P. jeffreysii. However, these transcriptomes are not tissue 
specific since no venom producing tissue has been yet identified in the fireworms, and therefore 
distinguishing between putative toxins and related non-toxin homologues is a challenge. Despite 
this difficulty, we provide several lines of evidence that strongly suggest the sequences we 
identified here are likely coding for putative toxins. First, It has been shown that gene models 
predicted to encode toxin-like proteins by similarity searches matched known venom 
components more likely if they are overexpressed in the venom gland and if their best BLAST 
hit is a known venom protein (as opposed to another protein from the UniProtKB database) 
(Rodríguez De La Vega and Giraud, 2016). We initially identified putative toxins based on 
sequence similarity to known toxins and venom proteins, but because this method can also yield 
non-toxin homologs, we further validated these candidates by comparing them to the entire 
UniProtKB database. After this second comparison, we filter out the toxin-like transcripts that 
are more similar to other genes with non-venom related functions. Thus, guaranteeing the best 
BLAST hit for all our toxin candidates is a known venom protein. Second and importantly, we 
applied our venomics pipeline to identify putative toxins in the transcriptomes of two related 
non-venomous annelids (Chaetopterus sp. and Sipunculus nudus) and a mollusk (Chiton 
olivaceus), recovering only 18 putative toxins in Chaetopterus sp. and none in S. nudus or C. 
olivaceus (see Table S5.1, Appendix 4). We believe our findings in the non-venomous organisms 
provide validation for the specificity of our pipeline and indicate that most of the sequences 
identified in the fireworms are more likely coding for venom toxins rather than for non-toxin 
homologs, suggesting only a minor percentage might represent false positives.  
It has been long hypothesized that fireworms are venomous and use their dorsal 
calcareous chaetae to inject toxins. However, conflicting evidence regarding the function of 
 
88	
chaetae as a venom delivery apparatus and the inability to identify glandular tissue near the base 
of the chaetae has generated doubt about the venomous nature of fireworms (Eckert, 1985; 
Schulze et al., 2017; Tilic et al., 2017). Tilic et al (2017) concluded that the intrachaetal cavity is 
artificial and found no evidence of associated venom glands, which led them to suggest that the 
physiological reactions triggered by fireworm stings result from direct injuries rather than venom 
injection. Conversely, Schulze et al (2017) found evidence of fluid being released from chaetal 
tips and identified grooved chaetae under the scanning electron microscope, indicating a possible 
alternative for toxin delivery. It has also been suggested that fireworms might sequester toxins 
from their diet, including palytoxin (PTX), the most potent non-protein toxin known, produced 
by zoanthids and a few other organisms (Gleibs et al., 1995; Schulze et al., 2017; Stoner and 
Layman, 2015). This evidence coupled with the uncertainty of a toxin delivery system may 
suggest that fireworms could be poisonous. As a consequence, the toxicity of fireworms is 
unclear and up to date it is still debated whether they are venomous, poisonous or if they are 
toxic whatsoever.  
While the presence of a venom delivery mechanism, which is a clear feature 
distinguishing venomous versus poisonous animals, has yet to be confirmed in fireworms, other 
criteria can provide evidence of their venomous nature. These criteria include the specific 
molecular composition of the toxins, and how the toxins are produced. Venoms tend to be 
complex proteinaceous mixtures of larger compounds that must be injected into the prey, while 
poisons are usually composed of small chemical compounds such as alkaloids that can be readily 
absorbed (Casewell et al., 2013; Daly, 1995). Additionally, most poisonous organisms such as 
puffer fish, poison dart frogs or birds like the hooded pitohui, sequester the toxins from their diet 
or from symbiotic microorganisms (Dumbacher et al., 2004; Savitzky et al., 2012). Venomous 
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animals on the contrary, produce venom proteins endogenously by expressing specific gene 
products (Fry et al., 2008; Gorson et al., 2016; Perkin et al., 2015) that are thought to originate 
from the neofunctionalization of regular body proteins, such as hormones (Undheim et al. 2015; 
Fry et al. 2009). Following these criteria, our findings provide strong evidence supporting that 
fireworms are venomous organisms that endogenously produce a proteinaceous mixture of 
peptide toxins and venom protein homologs. Our results show that the species E. complanata, H. 
carunculata and P. jeffreysii express a wide diversity of transcripts coding for toxin homologs 
that have been repeatedly recruited into animal venoms, including protease inhibitors, proteolytic 
enzymes and neurotoxins (Figures 5.3, 5.4). For instance, we identified homologs of Kazal-type 
protease inhibitors, zinc dependent metalloproteinases, and turripeptides found in the venoms of 
a wide diversity of animals spanning the Metazoa, including worms, snails, reptiles, platypuses 
and vampire bats (Figures 5.5–5.9). The scale and scope of the toxin homologs identified in the 
transcriptomes of H. carunculata, E. complanata and P. jeffreysii strongly suggests that venom 
has convergently evolved in fireworms as a defensive mechanism. Additionally, similar to other 
venomous animals, the toxin homologs found in fireworms appear to have originated through 
neofunctionalization of body proteins that target major molecular pathways in the circulatory and 
nervous systems. The putative toxins identified in this study are predominantly involved in three 
major biological activities: hemostasis, inflammatory response and allergic reactions, all 
processes that are commonly disrupted after fireworm envenomations (Haddad, 2015; Ottuso, 
2013; Smith, 2002) (Figure 5.4).  
Based on the known activities of fireworm toxin homologs in other venomous species, 
we hypothesize that the diverse cocktail of putative toxins identified here is responsible for the 
symptoms and physiological reactions observed after fireworm stings. Fireworm stings produce 
 
90	
localized reactions with a variety of symptoms that include strong skin inflammation or edema, 
acute and severe pain, intense itching, partial paresthesia or numbness of the affected area and 
sometimes serious wound infections and local necrosis (Haddad, 2015; Nakamura et al., 2008; 
Ottuso, 2013; Schulze et al., 2017; Smith, 2002). Although rare, there are also reports of 
systemic reactions including nausea, cardiac and respiratory anaphylactic reactions (Ottuso, 
2013). The symptoms can last several days or even weeks and the recommended treatment 
includes applying vinegar and hot water to the affected area (Schulze et al., 2017; Smith, 2002), 
a common remedy for marine envenomations as evidence suggests that heat inactivates key 
components of the venom (Wilcox and Yanagihara, 2016). These symptoms are consistent with 
the expression of the putative peptide toxins and venom proteins identified in this study.  
The numerous protease inhibitors (i.e. cystatin, lipocalin, serpin, kazal and kunitz-type), 
proteolytic enzymes (metalloproteinase M12 and peptidase S1) and C-type lectins found in H. 
carunculata, E. complanata and P. jeffreysii fireworms mainly interfere with hemostatic 
processes and the inflammatory response (Figure 5.4), and therefore their activities are consistent 
with the strong skin inflammation, edema and intense pain that occur after fireworm stings. The 
expression of metalloproteinase M12 and phospholipases could also explain the reported cases of 
local necrosis. The intense itching and the occasional reports of anaphylactic reactions can be 
explained by the activities of S10 peptidases and CAP proteins, which are major allergens in 
hymenopteran venoms. Lastly, the partial paresthesia and numbness reported in the affected area 
is consistent with the expression of several neurotoxins (ShKT, spider toxins and turripeptides) 
that can cause paralysis, block the neuromuscular transmission or function as anesthetics, and 
also contribute to the severe pain induced by fireworm stings.  
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5.4. Conclusion 
This is the first molecular comparative analysis identifying toxin-like genes in fireworm 
transcriptomes. Our results show that the fireworm species H. carunculata, E. complanata and P. 
jeffreysii express a wide diversity of transcripts coding for toxin homologs that represent 13 
known toxin classes. These toxins have been convergently recruited into a wide array of animal 
venoms and their activities explain the symptoms and physiological reactions observed after 
fireworm stings. While the debate of whether fireworms use their calcareous dorsal chaetae or an 
alternative delivery system to inject toxins still remains to be clarified, we provide compelling 
evidence suggesting that fireworms are venomous animals that use a complex mixture of toxins 
as a defensive mechanism. The toxin homologs identified in this study represent a valuable 
resource to further investigate fireworm venom systems and greatly contribute to the venomics 
toolkit for deciphering venom diversity and evolution in the animal kingdom. 
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Chapter 6 
 
Chapter 6. Transcriptome-based molecular characterization of toxin genes in four species 
of polynoid scale worms (Annelida, Polynoidae). 
 
6.1. Introduction 
Scale worms (Aphroditiformia) represent one of the most successful radiations of 
annelids and inhabit all marine benthic habitats from the intertidal to the deep sea, with records 
also in fresh water (Gonzalez et al., 2017; Norlinder et al., 2012). Scale worms owe their name to 
the characteristic morphological synapomorphy of the group, a series of paired scales or elytra 
covering the dorsal surface of the body (Figure 6.1). There are around 1,200 species currently 
described to date,  distributed in 220 genera and seven families, including Acoetidae, 
Aphroditidae, Eulepethidae, Pholoidae, Polynoidae, Iphionidae and Sigalionidae (Norlinder et 
al., 2012; Rouse and Pleijel, 2001). Scale worms are mostly free-living predators, although some 
species are tube dwellers and others are commensals, associated with a variety of invertebrates 
such as sponges, cnidarians, mollusks and echinoderms (Gonzalez et al., 2017).  
Knowledge regarding scale worm venom is practically inexistent and consequently, 
Aphroditiformia are one of the least well-known invertebrate groups in this aspect. Evidence of 
the presence of venom in scale worms is indirect, based mainly on anatomical investigations of 
jaw morphology and observations of trophic habits in captive or free-living individuals (von 
Reumont et al., 2014). Generally, scale worms are large bodied annelids with a muscular 
eversible pharynx and strong piercing jaws. The presence of jaws is a common characteristic of 
all scale worm species, although there is certain variability between taxa, with some families 
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including Aphroditidae and Eulepethidae having chitinous plate-like jaws and no associated 
glands observed so far (Norlinder et al., 2012; Wiklund et al., 2005; Wolf, 1986). 
 
 
Figure 6.1. Representative species of polynoid scale worms used in the study. (A) 
Branchipolynoe pettibonae; (B) Lepidonotopodium sp.; (C) Harmothoe imbricata. Image 
(C) is courtesy of Fredrik Pleijel, images (A, B) are publicly available under a Creative 
Commons License. 
 
Nonetheless, several other species have been reported to have venom glands connected 
via venom ducts to the tip of strong piercing jaws, including several species of the family 
Polynoidae (Norlinder et al., 2012; Wiklund et al., 2008). Whether or not these glands represent 
true venom glands is not clear, as the evidence of their presence is simply based on reports of 
jaw-associated glands that, due to similarities with other venom delivery systems, were assumed 
to be venom glands (von Reumont et al., 2014). For example, Wolf (1986) described the new 
genus of sigalionids Metaxypsamma, now assigned to Pholoidae, with an eversible muscular 
proboscis and two pairs of chitinous piercing jaws with associated venom glands that adhere to 
ventrolateral plates of each jaw. The same author also reported the presence of venom glands 
A B
C
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associated to piercing jaws in three additional sigalionid species, namely Sthenelais sp., 
Psammolyce ctenidophora, and Ehlersileanira incisa  (Wolf, 1986). Additionally, a 
comprehensive review of polychaete trophic habits that included the scale worm family 
Polynoidae, concluded that polynoids are active predators that feed on small crustaceans, 
echinoderms, gastropods, sponges, hydroids and other polychaetes and that, according to 
observations of their feeding ecology, most likely produce a venomous secretion that is expelled 
into prey (Fauchald and Jumars, 1979). 
Here we focus in this latter family of predatory scale worms, the Polynoidae, and 
investigate the transcriptomes of two deep sea species Branchipolynoe pettibonae (Figure 6.1A) 
and Lepidonotopooium sp. (Figure 6.1.B), and two shallow water species, Harmothoe imbricata 
(Figure 6.1C) and Harmothoe areolata. Branchipolynoe species are commonly found in the 
mantle cavity of Bathymodiolus mussels living in hydrothermal vents and cold seeps (Zhang et 
al., 2017). Some species in the genus are commensals of the mussel, feeding on bacteria-laden 
mucus and pseudofaeces or grazing on free-living bacteria, while others are considered parasites 
as they feed on gill filaments and tissue from their mussel host (Britayev et al., 2007). 
Lepidonotopodium species are also commonly found in deep-sea hydrothermal vents, whereas 
Harmothoe is a genus of shallow water scale worms, typically found in low intertidal and 
subtidal rocky shores (Norlinder et al., 2012; Zhang et al., 2017).  
Recent advances in –omics (genomics, transcriptomics, proteomics) technologies have 
facilitated the study of animal venoms following an integrative approach referred to as venomics, 
that has particularly advanced the study of previously neglected taxa, including many 
invertebrates such as annelids (Richter et al., 2017). Including a more diverse set of organisms in 
venomics research has revealed new insights regarding venom composition, diversity and 
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evolution that are revolutionizing the field and challenging traditional views (Gorson et al., 2015; 
Huang et al., 2016; Martinson et al., 2017; Modica et al., 2015; von Reumont et al., 2017). High 
throughput sequences and the comparative analysis of –omics datasets across species represent 
very powerful tools to identify novel genes and have the potential to uncover the entire set of 
toxins of a particular organism. Here, we implemented a venomics strategy to identified putative 
toxin homologs in four species of polynoids, namely B. pettibonae, Lepidonotopooium sp., H. 
areolata and H. imbricata. Our results indicate that the mussel commensal B. pettibonae is most 
likely a non-venomous species and provide compelling evidence regarding the venomous nature 
of the three predatory polynoids (Lepidonotopodium sp., H. areolata and H. imbricata.), 
suggesting they use a complex mixture of toxins homologs to capture and subdue their prey.  
 
6.2. Methods 
6.2.1. Sample collection, RNA extraction and sequencing 
An individual of Harmothoe areolata was collected by SCUBA diving near Blanes (NW 
Mediterranean Sea, 10 m depth) and kept alive in seawater for transport to the laboratory. 
Samples were examined under a stereoscope for taxonomical identification and then fixed in 
RNAlater and preserved at -80 ºC for further processing and RNA extraction.  
Total RNA was extracted from a complete individual of H. areolata using the Qiagen 
RNeasy Micro Kit, with DNase digestion on column according to the manufacturer instructions. 
A total of 10 ng of RNA was used as template for polyA enriched first strand cDNA synthesis 
and 12 cycles of polymerase chain reaction amplification with SMARTer Ultra Low RNA Kit 
(Clontech Laboratories, Inc.) for Illumina sequencing. The quality and integrity of total RNA and 
the resulting cDNA library were assessed with an Agilent BioAnalyzer high sensitivity DNA 
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chip. After verifying that samples complied with quality thresholds, cDNA libraries were 
sequenced with Illumina HiSeq 2500 v4 technology using a paired end flow cell and 100 x 2 
cycle sequencing at the New York University Center for Genomics and Systems Biology (New 
York, USA). Raw reads from the additional species included in the study were downloaded from 
the NCBI SRA archive (see Table 6.1 in the Results and Discussion section). 
 
6.2.2. Raw read processing and transcriptome assembly 
Raw reads were visualized and quality checked with FastQC v0.11.5 
(www.bioinformatics.babraham.ac.uk). Adapter sequences and low-quality reads were removed 
using Trimmomatic v0.36 (Bolger et al., 2014) and trimmed reads were re-evaluated with 
FastQC to ensure the high quality of the data after the trimming process. The corresponding 
processed high-quality reads were de novo assembled using Trinity v2.4.0 (Grabherr et al., 2011; 
Haas et al., 2013). Transcriptome completeness was evaluated with BUSCO v3 (Simão et al., 
2015) using the metazoa_odb9 dataset and Transdecoder v3.0.1 (Haas et al., 2013) was 
implemented to predict coding regions within the transcripts. See Table 6.1 in the Results and 
Discussion section for sample info, sequencing, read processing and general transcriptome 
assembly statistics. 
 
6.2.3. Identification and annotation of putative toxins 
The four de novo assembled scale worm transcriptomes were analyzed to identify 
putative toxins and venom components following a custom in silico venomics pipeline modified 
from Verdes et al. (2016). Briefly, TransDecoder v3.0.1 (Haas et al., 2013) was first used to 
predict protein-coding regions within transcripts, generating a predicted proteome for each 
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species. SignalP v4.1 (Petersen et al., 2011) was then used to predict signal peptide sequences in 
the predicted proteomes and proteins with signal peptide were extracted using a custom Perl 
script for further analysis. We then followed two different homology search strategies to annotate 
the selected sequences, namely BLASTP (Altschul, 1997; Johnson et al., 2008) and HMMER 
v3.1b2 (Eddy, 2009; Finn et al., 2015). Transcripts were searched using the BLASTP tool 
(Altschul, 1997; Johnson et al., 2008) against an in-house database including all toxins available 
in public databases and additional putative toxins identified by our group. Transcripts were also 
searched using HMMER (Finn et al., 2011) against hidden Markov models (HMM) profiles built 
from complete sequence alignments of 24 known venom protein classes. 
Hits with an e-value of 1E-5 or less derived from each independent search, were 
considered putative toxins and cross validated using BLASTP (Altschul, 1997; Johnson et al., 
2008) against the UniProtKB/Swiss-Prot protein database. A transcript was considered a final 
candidate toxin only if 1) the best hit from the UniProtKB/Swiss-Prot database had a higher e-
value than the initial hit, or 2) the best hit from the UniProtKB/Swiss-Prot database was labeled 
as a toxin. Transcripts that did not meet these criteria were excluded from downstream analyses.  
 
3.2.3. Identification of orthologous clusters  
The final sets of candidate toxins for each species were carefully investigated and 
uploaded to OrthoVenn (Wang et al., 2015) to identify orthologous clusters of putative toxins 
across polynoids. The web platform OrthoVenn identifies clusters of orthologous genes with a 
modified version of the OrthoMCL algorithm (Li et al., 2003) and functionally annotates each 
cluster based on the best BLAST hit against the UniProtKB/Swiss-Prot protein database. 
Because we previously completed a more thorough functional annotation of the putative toxins, 
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we used OrthoVenn only for the identification of orthologous clusters, and then assigned a 
function to each cluster according to the annotation of the representative sequence derived from 
the venomics pipeline. 
 
6.3. Results and Discussion 
6.3.1. Sequencing, de novo assembly and proteome prediction 
 We obtained 77,357,992 raw reads for H. areolata and downloaded from the NCBI SRA 
archive the corresponding 19,628,794 raw reads for H. imbricata, 19,079,526 for B. pettibonae 
and 23,350,843 for Lepidonotopodium sp. (Table 6.1). We used Trimmomatic v0.36 to filter and 
trim low-quality reads and adaptors, generating a set of high quality reads for each species with 
an average GC% of 44. Sequencing depth was excellent for H. areolata and Lepidonotopodium 
sp., with over 300 and 200 million assembled bp respectively and high N50 values of 2,421 and 
1,727 bp respectively (Table 6.1). The sequencing depth for the other two species was not as 
optimal, with less than 100 million assembled bp and N50 values below 1000bp. To assess the 
completeness of the four transcriptome datasets, we used BUSCO v3 (Simão et al., 2015) with 
the metazoa_odb9 dataset. As expected, the two deeply sequenced species H. areolata and 
Lepidonotopodium sp. represent more complete transcriptome datasets, recovering 99 % of the 
single copy orthologs included in the metazoa_odb9 dataset. The transcriptome of H. imbricata 
seems to be also rather complete, recovering 86 % of the BUSCO genes, whereas B. pettibonae 
is the least complete dataset recovering 62 % of the metazoa_odb9 dataset orthologs (Table 6.1). 
The transcriptomes of the four polynoid species when then analyzed with Transdecoder v3.0.1 
(Haas et al., 2013) to identify candidate coding regions within the transcripts, resulting in a 
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dataset of 251,659 predicted proteins in H. areolata, 162,702 in Lepidonotopodium sp., 68,964 in 
H. imbricata and 52,060 in B. pettibonae.  
Table 6.1. General sequencing and assembly statistics for the four scale worm transcriptomes used in this study. 
Species H. areolata H. imbricata B. pettibonae Lepidonotopodium sp. 
SRA NA SRR2005364 SRR4419842 SRR4419843 
Raw reads 77,357,992 19,628,794 19,079,526 23,350,843 
Trimmed reads 75,200,015 17,924,379 18,861,559 22,812,089 
Transcripts 315,626 104,995 156,955 272,218 
% GC 43.30 44.55 42.82 45.54 
N50 2,421 756 562 1,727 
N20 5,374 1,968 1,268 3,964 
% BUSCO 99 86 62 99 
Proteins 251,659 68,964 52,060 162,702 
 
6.3.2. Interspecific diversity of scale worm toxin genes 
Implementation of the venomics approach to investigate the transcriptomes of the 
polynoids H. areolata, H. imbricata, B. pettibonae and Lepidonotopodium sp. revealed a wide 
diversity of putative toxins recovered in all species, except in B. pettibonae (Figure 6.2). In this 
species, we only recovered 24 putative toxins representing 7 protein classes (Figure 6.2). 
Branchipolynoe scale worms are either commensals or parasites living in the mantle cavity of 
deep sea Bathymodiolus mussels (Britayev et al., 2007; Zhang et al., 2017). The low diversity of 
toxin homologs identified in the transcriptome of B. pettibonae, suggests that it is a non-
venomous animal and that the putative toxins identified do not have an actual role in venom. 
Although it is also possible that the lower abundance of putative toxins identified is a 
consequence of the shallower sequencing depth of the B. pettibonae transcriptome, based on the 
non-predatory trophic habits and lifestyle of this species, we consider more likely that B. 
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pettibonae is a non-venomous species. Accordingly, we exclude this species from further 
analysis and discussion.  
Analysis of the transcriptomes of the predatory species H. areolata, H. imbricata and 
Lepidonotopodium sp., however, revealed a wide variety of putative toxins that belong to protein 
classes that have been independently recruited into other animal venoms (Figure 6.2). The 
greatest diversity was recovered in H. areolata with 158 putative toxins representing 31 toxin 
classes, followed by Lepidonotopodium sp. with 70 putative toxins representing 19 different 
toxin classes and H. imbricata with 54 putative toxins distributed in 20 toxin classes (Figure 6.2). 
The three predatory polynoids share a similar toxin profile, with C-type lectins, CRISP and 
Kazal-domain protease inhibitors being among the most abundant toxin classes in all species, 
altogether representing approximately 30-40 % of all putative toxins identified (Figure 6.2). 
Veficolin and metalloproteinase M12 are also among the most abundant toxin classes in H. 
areolata and H. imbricata, but not in Lepidonotopodium sp. (Figure 6.2). The two Harmothoe 
species have a more similar toxin profile between each other than with Lepidonotopodium sp., 
which most likely reflects their common evolutionary origins.  
 
6.3.3. Identification of orthologous clusters and functional categories of scale worm toxins 
To have a more global overview of polynoid venom and to infer putative functions and 
biological activities associated with the toxin candidates identified here, we compared the 3 sets 
of toxin candidates using the web platform OrthoVenn (Wang et al., 2015) to identify and 
annotate clusters of orthologous toxin genes. We compared the total 306 toxin-like genes  
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Figure 6.2. Diversity of toxin homologs identified in each scale worm species. Pie charts show the diversity of toxin 
homologs identified in each transcriptome. Toxin homologs are grouped by toxin class and numbers inside the pie 
chart indicate the total number of putative toxins identified and the number of different toxin classes represented. 
Abbreviations are as follows: CLEC, C-type lectin; M12, metalloproteinase M12; PEP S1, peptidase S1; PLA, 
phospholipase; ShK, ShKT-domain containing peptides; AChE, acetylcholinesterase; Other, groups a variety of less 
abundant toxin homologs. 
 
recovered from the transcriptomes of the four species (158 from H. areolata, 54 from H. 
imbricata, 70 from Lepidonotopodium sp. and 24 from B. pettibonae) (Figure 6.2). Because we 
considered that the species B. pettibonae is non-venomous, we focused on the 28 orthologous 
clusters comprised of toxin homologs from the three predatory species for downstream analyses 
(Figure 6.3, Table S6.1, Appendix 5). These 28 clusters include candidate toxins from H. 
areolata, H. imbricata and Lepidonotopodium sp. that represent 12 distinct protein classes that 
have been convergently recruited into other animal venoms (Figure 6.4). For convenience, we 
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classified them into five functional categories: protease inhibitors (kazal-type and kunitz-type 
protease inhibitors and serpin), proteolytic enzymes (metalloproteinase M12, peptidase S1 and 
peptidase S10), cytolytic enzymes (actinoporin and plancitoxin), neurotoxins (ShK-like and 
turripeptide-like) and other proteins (CAP, C-type lectins and veficolins).  
 
Figure 6.3. Identification of clusters of orthologous toxins with OrthoVenn. (A) Venn diagram showing the number 
of orthologous clusters identified in each species individually, shared by the different combinations of species pairs, 
and shared by all species. (B) Bar chart representing the total number of orthologous clusters that include proteins 
from each species, and diagram showing the total number of clusters specific to one species or shared by two, three 
or four species. 
 
Protease inhibitors: kazal domain and kunitz-type protease inhibitors, and serpin 
Kazal-type inhibitors are serine protease inhibitors characterized by the presence Kazal 
domains that act on a variety of serine proteases including thrombin, trypsin, factor XIIa, 
subtilisin A, elastase, chymotrypsin and plasmin (Laskowski and Kato, 1980; Rimphanitchayakit 
and Tassanakajon, 2010; Sigle and Ramalho-Ortigão, 2013) and have been reported from the 
venoms of snakes, bats, leeches, bloodworms, jellyfish and an array of insects (Fernández et al., 
2016; Kim et al., 2013; Kvist et al., 2014; Low et al., 2013; Negulescu et al., 2015; Qian et al., 
2015; Ribeiro et al., 2007; Sigle and Ramalho-Ortigão, 2013; Takác et al., 2006; Veiga et al., 
2005). Kazal-type inhibitors are among the most diverse putative scale worm toxins identified, 
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with 38 transcripts distributed in five orthologous clusters. Four of these clusters include 
sequences with similarity to kazal-type inhibitors, and the additional one is comprised of four 
sequences resembling turripeptides (the latter will be discussed in the neurotoxin section) (Table 
S6.1, Appendix 5).  
Kunitz-type protease inhibitors were also identified among the putative polynoid toxins. 
Kunitz-type inhibitors also interfere with serine proteases showing activity against trypsin, 
chymotrypsin, or both (Laskowski and Kato, 1980; Wan et al., 2013). They contribute to venom 
toxicity in a wide array of taxa (Bayrhuber et al., 2005; Calvete et al., 2007; Ding et al., 2015; 
Kvist et al., 2016) functioning as ion-channel blockers and interfering with physiological 
processes (Wan et al., 2013). Two orthologous clusters comprising 3 and 5 kunitz-domain 
sequences each were recovered among the putative scale worm toxins (Table S6.1, Appendix 5). 
We also recovered serpin homologs among the putative toxins identified in H. areolata, 
H. imbricata and Lepidonotopodium sp. (Figure 6.4). Serpins are serine protease inhibitors that 
regulate proteolytic cascades involved in a variety of key biological processes like coagulation, 
inflammation and immune response (Irving et al., 2000; Law et al., 2006). Serpins have been 
recruited into venoms and toxic secretions of vertebrates, cnidarians, annelids and arthropods 
(Braud, 2000; Kvist et al., 2016; Liu et al., 2015; Rokyta et al., 2012; Wong et al., 2012; Wu et 
al., 2011; Yan et al., 2017). We have identified three serpins among the putative polynoid toxins 
that form a single orthologous cluster (Table S6.1, Appendix 5). 
 
Proteolytic enzymes: metalloproteinase M12, peptidase S1 and peptidase S10  
M12 zinc dependent metalloproteinases interfere with cellular processes inducing various 
effects such as inflammation, hemorrhage, hypotension and necrosis and have been widely  
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Figure 6.4. Orthologous toxins in scale worms and associated physiological functions. Alluvial diagram showing 
the 172 orthologous toxins identified in the three predatory scale worms in the first node, the toxin class to which 
they belong in the second node, and the associated biological function in the third node. The relative abundance of 
toxin homologs corresponding to each category (species, toxin class and function) is shown below the name as a 
percentage of the total. The number of transcripts that correspond to each category is shown in parenthesis. 
Abbreviations are as follows: CLEC, C-type lectin; PS1, peptidase S1; ShK, ShKT-domain containing peptides; 
M12, metalloproteinase M12; PS10, peptidase S10.  
 
 
recruited into the venomous secretions (Da Silveira et al. 2007; Xia et al. 2013; Kvist et al. 2016; 
von Reumont et al. 2014b; Wong et al. 2012; Modica et al. 2015). We recovered one cluster of 
orthologous metalloproteinases including five sequences among the putative polynoid toxins 
(Table S6.1, Appendix 5). 
The S1 family of peptidases includes serine proteases involved in a number of biological 
processes, including blood coagulation and immune responses (Page and Di Cera, 2008). It is 
one of the most widely recruited venom proteins showing varied activities such as 
anticoagulation, vasodilation, smooth muscle contraction, pain and inflammation (Choo et al., 
2010; Kita et al., 2004; Menaldo et al., 2012; Modica et al., 2015; von Reumont et al., 2014). 
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Peptidase S1 also represent a diverse class of putative toxins in the polynoid transcriptomes, with 
17 transcripts distributed in two orthologous clusters (Table S6.1, Appendix 5). 
Conversely, the S10 family of serine proteases has not been recruited into many animal 
venoms. Venom serine carboxypeptidases have various physiological functions including 
neurotransmitter degradation and neurotoxicity, or phosphorylation of venom proteins and are 
also recognized allergens of bee venom (Bose et al., 2017; Li et al., 2013). We recovered 5 
peptidase S10-like transcripts including in one orthologous cluster among the putative scale 
worm toxins (Table S6.1, Appendix 5). 
 
Cytolytic enzymes: actinoporin and plancitoxin 
Actinoporins are highly conserved pore-forming toxins commonly found in sea anemone 
venoms that have been also recruited into other venomous taxa including mollusks, annelids and 
chordates (Anderluh and Maček, 2002; García-Ortega et al., 2011; Gorson et al., 2015; Hu et al., 
2011). Actinoporins induce pore formation in biological membranes resulting in a colloid-
osmotic shock that leads to cell death (García-Ortega et al., 2011; García et al., 2009). We have 
recovered eight actinoporin-like sequences included in a single orthologous cluster in the scale 
worm transcriptomes (Table S6.1, Appendix 5).   
Plancitoxins are potent cytotoxic desoxyribonucleases II isolated from the venomous 
crown-of-thorns starfish Acanthaster planci, that show hemolytic and hemorrhagic activities and 
induce edema and necrosis (Lee et al., 2015, 2013; Shiomi et al., 2004). We have identified three 
plancitoxins homologs representing one orthologous cluster among the polynoid toxin candidates 
(Table S6.1, Appendix 5). 
 
Neurotoxins: ShKT and turripeptide-like  
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ShKT-domain containing peptides where also recovered from the three scale worm 
transcriptomes. ShKT-domains are potent inhibitors of potassium channels that have been 
reported from a variety of proteins including venom toxins (Modica et al., 2015; Ponce et al., 
2016). Most cnidarian ShKT toxins cause paralysis, although some might have hemolytic effects 
or act as anesthetics (Modica et al., 2015; von Reumont et al., 2014). They are rather common 
among the polynoid putative toxins, with 13 homologs identified included a single orthologous 
cluster (Table S6.1, Appendix 5). 
Turripeptides are short peptides with conserved cysteine patterns, discovered from the 
venom of turrids that function as neurotoxins, modulating ion channels and causing disruption of 
the neuromuscular transmission, leading to paralysis of prey (Aguilar et al., 2009; Gonzales and 
Saloma, 2014). One orthologous cluster including 4 turripeptide-like transcripts with the Kazal-
domain characteristic of turripeptides was identified among the polynoid putative toxin genes 
(Table S6.1, Appendix 5). 
 
Other proteins: C-type lectins, veficolin and CAP 
C-type lectins are extracellular proteins with varied functions that have been recruited 
into the venoms of numerous taxa (Huang et al., 2016; Lopes-Ferreira et al., 2011; Magalhães et 
al., 2006; von Reumont et al., 2017). Venom C-type lectins are associated with 
hemagglutination, hemostasis and inflammatory responses (Huang et al., 2016) and seem to be 
common among polynoid putative toxins. We have recovered 44 C-type lectin-like sequences 
distributed in 6 orthologous clusters among the putative scale worm toxins (Table S6.1, 
Appendix 5). 
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Veficolin homologs have also been identified in the polynoid transcriptome datasets. The 
veficolin family (venom ficolins) was initially identified in the venom glands of the snake 
Cerberus rynchops (Ompraba et al., 2010). Based on their structural similarity to ficolins it has 
been hypothesized that veficolins induce platelet aggregation or initiate complement activation 
(Ompraba et al., 2010). We have identified 2 orthologous clusters that include 8 veficolin-like 
sequences among the polynoid toxin candidates (Table S6.1, Appendix 5). 
 The CAP protein superfamily includes cysteine-rich secretory proteins (CRISPs), antigen 
5 (Ag5) and pathogenesis-related 1 proteins (Pr-1) and has been recruited into a variety of animal 
venoms, where they might act as ion channel modulators inhibiting smooth muscle contraction, 
show proteolytic activity or represent major allergens (Fang et al., 1988; Gibbs et al., 2008; 
Milne et al., 2003; Yamazaki and Morita, 2004). We have identified 15 CAP homologs that 
belong to 3 orthologous clusters among the putative scale worm toxins (Table S6.1, Appendix 5). 
 
6.3.4. Inferred biological activity of scale worm venom 
We have identified a wide diversity of putative scale worm toxins that represent 
homologs of known toxins and venom proteins from a variety of taxa. Based on the known 
activities of these proteins, we hypothesize that the candidate toxins identified here constitute a 
diverse venomous cocktail, which scale worms might use for predation. The numerous protease 
inhibitors (i.e. kazal-type, kunitz-type and serpin), proteolytic enzymes (metalloproteinase M12, 
peptidase S1, peptidase S10) and C-type lectins and veficolins found in H. areolata, H. imbricata 
and Lepidonotopodium sp., mainly interfere with hemostatic and inflammatory processes (Figure 
6.4) inducing a series of effects such as hemorrhage, anticoagulation, inflammation, necrosis and 
smooth muscle contraction, that can help polynoids to capture and subdue potential prey more 
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effectively. Furthermore, the various neurotoxins including ShKT and turripeptide homologs as 
well as the cytolytic toxins (actinoporin and plancitoxin) can be potentially involved in paralysis 
and death of prey, as it has been suggested for ShKT-domain containing peptides of Glycera 
bloodworms, turripeptides, and actinoporins (Aguilar et al., 2009; Giese et al., 1996; Björn M 
von Reumont et al., 2014). In fact, sea anemone toxins (ShKT) and actinoporins have been 
shown to be lethal to crustaceans which are known components of the diet of scale worms 
(Fauchald and Jumars, 1979; Giese et al., 1996; Salgado and Kem, 1992). 
 
 
6.4. Conclusion 
We have identified a great number and diversity of toxin homologs in the transcriptomes 
of three predatory polynoids, H. areolata, H. imbricata and Lepidonotopodium sp. However, as 
it was discussed in Chapter 5, because these transcriptomes are not derived from venom gland 
tissue it is difficult to distinguish between putative toxins and related non-toxin homologs. 
Despite this difficulty, we believe that this preliminary investigation of scale worm venom 
provides evidence suggesting that the sequences we identified are likely coding for putative 
toxins. We analyzed four polynoid species, including B. pettibonae, which is a commensal or 
parasite of hydrothermal vent mussels and therefore, we did not expect to find candidate toxins 
in the transcriptome of this species. Our results corroborate our initial hypothesis, having 
identified only a minor number of putative toxins and therefore suggesting that the toxin 
homologs characterized in the three species with predatory habits are likely to have an actual role 
in venom.  
This is the first molecular comparative analysis identifying toxin-like genes in polynoid 
scale worm transcriptomes. Our results show that the polynoids H. areolata, H. imbricata and 
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Lepidonotopodium sp. express a wide diversity of transcripts coding for toxin homologs that 
represent at least 12 known toxin classes. These toxins have been convergently recruited into a 
wide array of animal venoms and their activities suggest that scale worms use this cocktail of 
toxins to subdue their prey. The toxin homologs identified in this study represent a valuable 
resource to further polynoid venom systems and greatly contribute to the venomics toolkit for 
deciphering venom diversity and evolution in annelids. 
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Chapter 7 
 
Chapter 7. Concluding remarks and research implications. 
 
The research presented here examines the hypothesis that convergent biochemical 
innovations in polychaete annelids, specifically bioluminescence and venom, have evolved from 
similar molecular mechanisms in unrelated lineages. Our results have largely contributed to the 
body of knowledge on the genetic basis and evolution of light and venom production in annelid 
worms. We have generated a significant amount of valuable genomic resources that have 
allowed us to identify candidate genes responsible for light production in three species of 
Syllidae and Polynoidae, as well as a wide diversity of putative toxins in the transcriptomes of 
three fireworms (Amphinomidae) and four polynoids (Polynoidae). Our results provide a more 
comprehensive scenario to understand the molecular basis, gene expression patterns and 
evolution of bioluminescence and venom production in polychaetes. The general conclusions of 
this dissertation research are the following:  
 
1. The genus Odontosyllis seems to have undergone a recent rapid radiation possibly triggered by 
the origin of bioluminescent courtship, which would increase speciation rates and lineage 
divergence through sexual selection processes (Chapter 2).  
 
2. The genus Odontosyllis as currently delineated is a paraphyletic group and needs to be 
reorganized to reflect evolutionary relationships. Our results provide an initial framework to 
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solve this issue, however, more genetic data and thorough morphological analyses need to be 
completed before any taxonomic decisions can be made (Chapter 2).  
 
3. We have identified a candidate luciferase gene in the bioluminescent syllids Odontosyllis 
phosphorea and Odontosyllis enopla. Our analysis suggest that the Odontosyllis luciferase is a 
member of the ANL superfamily of adenylating enzymes that likely evolved from an ancestral 
long chain acyl-CoA synthetase (Chapter 3).  
 
 4. We have identified a candidate polynoidin photoprotein gene in the scale worm Harmothoe 
areolata. This candidate gene appears to be a peroxinectin homolog, and its expression levels are 
upregulated in the scale tissue, where the bioluminescent system is located. Our results further 
suggest that the candidate polynoidin is a functional peroxidase that could catalyze light 
production in scale worms (Chapter 4).  
 
5. The fireworm species H. carunculata, E. complanata and P. jeffreysii express a wide diversity 
of toxin homologs representing 13 known toxin classes that have been convergently recruited 
into a wide array of animal venoms. While it is still unclear if fireworms use their dorsal chaetae 
as a toxin delivery system, our results provide compelling evidence suggesting that fireworms 
are venomous and use a complex mixture of toxins as a defensive mechanism (Chapter 5).  
 
6. Similar to fireworms, the polynoid scale worms H. areolata, H. imbricata and 
Lepidonotopodium sp. express a wide diversity of transcripts coding for toxin homologs that 
represent at least 12 known toxin classes. These toxin classes have also been convergently 
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recruited into other animal venoms, and their associated biological activities suggest that scale 
worms use this cocktail of toxins to subdue their prey (Chapter 6). 
 
Our results shed light into the molecular mechanisms underlying bioluminescence and 
venom, two biochemical innovations that have convergently evolved in several lineages of 
annelids, and in many other groups throughout the tree of life. We have identified candidate 
luciferases and photoproteins as well as a wide array of putative toxins in several lineages of 
annelids, revealing the potential evolutionary origins of these convergent traits within Annelida. 
Although further work is necessary to validate these candidate genes through proteomic and 
functional assays that can confirm their bioactivity, the data generated here represents an 
excellent resource that opens new avenues to further explore annelid bioluminescence and 
venom production. For example, some of the stronger candidate genes can be used as probes in 
tissue specific in situ hybridization studies to identify venom producing tissue as well as 
photogenic tissue. This would in turn further advance research in these areas with the 
identification of venom delivery systems and bioluminescence-related structures, opening the 
possibility for tissue specific analyses to identify novel genes and compare expression levels.  
Additionally, the research presented here has larger implications concerning the genetic 
mechanisms of convergent evolution and the origin of key innovations. Our findings suggest that 
convergent traits that have independently evolved in unrelated lineages, are generally the result 
of also convergent molecular mechanisms. In the case of bioluminescence, the candidate genes 
responsible for light production in the two investigated annelid lineages are oxidoreductases, and 
although the two annelid lineages seem to have recruited different genes for light production, 
these same genes have also been convergently recruited in other luminous taxa. For instance, our 
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results suggest that the Odontosyllis luciferase gene evolved from an ancestral long chain acyl-
CoA synthetase, as it has been proposed for luminous insects (i.e., fireflies, click beetles and 
glowworms) and firefly squids. Our findings also indicate that the scale worm photoprotein 
polynoidin might have evolved from an ancestral peroxidase, as it has been suggested for the 
earthworm Diplocardia longa and the hemichordate Balanoglossus biminiensis. Furthermore, 
our results regarding venom in amphinomids and polynoids also show a high degree of 
convergence in the genetic makeup of their toxin cocktails, as the putative toxins identified have 
been convergently recruited into a wide array of animal venoms. Our results are in line with 
recent studies contributing to the increasing evidence that convergent phenotypes are the result 
of similar molecular mechanisms, whether the same genes, or different genes but similar 
metabolic pathways and molecular functions.   
 
 
 
 
 
 
 
 
 
 
 
 
 
114	
APPENDIX 1 
 
Table S2.1. Data for Odontosyllis specimens and outgroups used in the phylogenetic analyses, including species 
name and code, accession numbers for sequences available in public databases and locality where the sample was 
collected.  
Species Code 18S 16S COI Locality 
Odontosyllis australiensis OausGB JF903615.2 JF913955.1  Australia, QNLD 
Odontosyllis australiensis OausEN20 X X  Philippines, El Nido Odontosyllis ctenostoma OctenGB JF903616.1 JF913956.1 JF903771.1 Spain, Almeria 
Odontosyllis ctenostoma Octen1OG X X X Spain, Galicia 
Odontosyllis detecta OdeteGB JF903618.1 JF913957.1  Australia, NSW 
Odontosyllis detecta OdeteNZ48 X X X New Zealand 
Odontosyllis enopla OenoTR X X X Bermuda 
Odontosyllis fasciata Ofasci1NW X  X Norway, Møre Odontosyllis fasciata Ofasci2NW X  X Norway, Møre Odontosyllis freycinetensis OfreyGB JF903619.1 JF903755.1 JF903772.1 Australia, WA 
Odontosyllis freycinetensis OfreyBA20 X X  Philippines Odontosyllis freycinetensis OfreyBA30 X X X Philippines 
Odontosyllis fulgurans OfulguGB EF123882.1 EF123792.1 EF123755.1 Spain, Girona 
Odontosyllis cf fulgurans OcffulBR X X X Brazil 
Odontosyllis gibba Ogibba1GB EF123850.1 EF123793.1 EF123756.1 Spain, Girona 
Odontosyllis gibba Ogibba2GB AF474282.1   - Odontosyllis gibba Ogibba1CR X  X Croatia, Istra Odontosyllis cf gibba Ocfgibba1UK X  X UK, Shetland Islands Odontosyllis globulocirrata OglobGB JF903620.1 JF903702.1 JF903773.1 Australia, WA 
Odontosyllis globulocirrata Oglob2AM X X X Australia 
Odontosyllis guillermoi OguillBR2 X X X Brazil 
Odontosyllis guillermoi OguillVNZ9 X X X Venezuela 
Odontosyllis maculata OmacuGB JF903621.1 JF903703.1  Japan, Manazuru Odontosyllis maorioria OmaoriNZ19   X New Zealand Odontosyllis maorioria OmaoriNZ21 X X X New Zealand 
Odontosyllis phosphorea Ophos2GB   HM473520.1 Canada, BC Odontosyllis phosphorea Ophos3GB   HM473521.1 Canada, BC Odontosyllis phosphorea Ophos1TR X X X USA, San Diego 
Odontosyllis phosphorea Ophos2TR X X X USA, San Diego 
Odontosyllis polycera OpolyGB JF913967.1   Australia, NSW Odontosyllis suteri OsuteNZ46 X X  New Zealand Odontosyllis suteri OsuteNZ41 X X  New Zealand Odontosyllis undecimdonta Ound4064 X X X Japan 
Odontosyllis undecimdonta Ound4065 X X X Japan 
Odontosyllis undecimdonta Ound4066 X X X Japan 
Odontosyllis sp OdonspGB JF903572.1  JF903757.1 USA, San Diego Odontosyllis sp OdonG X  X Belize Odontosyllis sp OdonG1 X  X Belize Odontosyllis sp OdonL1 X  X Belize Odontosyllis sp OdonL2 X  X Belize Odontosyllis sp OdonM1 X  X Belize Odontosyllis sp OspEN35 X X X Philippines, El Nido 
Odontosyllis sp OspSD_GR   X USA, San Diego Odontosyllis sp OspRA568 X X X Indonesia, Raja Ampat 
Odontosyllis sp Odonsp2BR X X X Brazil 
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Odontosyllis sp OdBR7  X X Brazil Odontosyllis sp Osp1FL X X  USA, Key Largo Odontosyllis sp Osp2FL X X  USA, Key Largo Odontosyllis sp OspFL49 X X  USA, Tampa Bay Odontosyllis sp Osp5421 X X X  Odontosyllis sp Osp5422 X X X  Odontosyllis sp Osp5427 X  X  Odontosyllis sp Osp5430 X X X  Odontosyllis sp Osp5434 X X X  Odontosyllis sp Osp5436 X  X  Odontosyllis sp Osp5437 X X X  Odontosyllis sp Osp5441 X X X  Odontosyllis sp Osp5446 X X X  Odontosyllis sp Osp5457 X  X  Odontosyllis sp Osp5458 X X X  Odontosyllis sp Osp5459 X  X  Odontosyllis sp Osp5460 X X X  Odontosyllis sp Osp5465 X  X  Odontosyllis n sp Onsp1JP X X  Japan, Yanai Port Odontosyllis n sp Onsp2JP X X  Japan, Hiroshima Odontosyllis n sp OnspBA51 X X X Philippines 
Eusyllis blomstrandi Eblom1GB EF123887.1 EF123788.1 EF123749.1 Faroe Islands 
Eusyllis blomstrandi Eblom2GB   AY839579.1 - Eusyllis blomstrandi Eblom3GB AF474281.1   - Eusyllis kupfferi EkupGB JF903595.1 JF903697.1 JF903758.1 Australia, WA 
Eusyllis kupfferi EkupNZ41 X X  New Zealand Eusyllis kupfferi EkupNZ27 X X X New Zealand 
Eusyllis kupfferi EkupNZ29 X X  New Zealand Eusyllis kupfferi EkupNZ46 X X  New Zealand Eusyllis kupfferi EkupVNZ9 X X X Venezuela 
Eusyllis lamelligera ElamGB  JF913952.1 JF913975.1 Australia, WA Eusyllis lamelligera ElamEN25 X X X Philippines, El Nido 
Eusyllis lamelligera ElamEN35 X X  Philippines, El Nido Eusyllis lamelligera ElamCC11 X X X Spain, Cap Creus 
Eusyllis n sp EnspNZ22 X X  New Zealand Myrianida pinnigera MpinniGB EF123843.1  EF123753.1 Spain, Cadiz Proceraea picta PpictaGB EF123854.1  EF123760.1 France, Banyuls Proceraea cornuta PcornuGB AF474312.1 AF474266.1  - Haplosyllis spongicola HsponGB EF123837.1 EF123791.1 EF123751.1 France, Banyuls 
Syllis alternata SalterGB JF903649.1 JF903726.1  Spain, Girona Syllis gracilis SgraciGB EF123876.1 EF123811.1 EF123778.1 Spain, Galicia 
Typosyllis pigmentata TpigmeGB EF155921.1  EF123774.1 Japan, Manazuru Epigamia alexandri EalexGB AF474308.1 AF474262.1  - Epigamia noroi EnoroiGB  EF123820.1 EF123747.1 USA, California Chaetopterus variopedatus Cvariopedatus KX896485.1  KX896523.1 - Chaetopterus sarsi Csarsi DQ209221.1 DQ779607.1 DQ209254.1 - 
Eurythoe complanata Ecomplanata JN086539.1 JN086557.1 JN086548.1 - 
Paramphinome jeffreysii Pjeffreysii DQ779664.1 DQ779629.1 KT592260.1 - 
Ophelina acuminata Oacuminata KF511827.1 KF511812.1 KC164693.1 - 
Ophelia limacina Olimacina KF511829.1 KF511817.1 KC164692.1 - 
Bathyglycinde profunda Bprofunda GQ426566.1 GQ426611.1 GQ426633.1 - 
Goniada maculata Gmaculata DQ779652.1 DQ779616.1 KT307646.1 - 
Nephtys incisa Nincisa GU179379.1 GU179356.1 KT307667.1 - 
Marphysa sanguinea Msanguinea GQ497502.1 GQ478157.1 GQ497547.1 - 
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Figure S2.2. Phylogenetic relationships of Odontosyllis inferred from the BI analysis of the concatenated dataset 
(18S rRNA, 16S rRNA and COI). Posterior probabilities are indicated for all nodes and species codes correspond to 
names in Table S2.1.  
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Figure S2.3. Time-calibrated phylogeny of Odontosyllis, including representatives of major Syllidae lineages 
inferred from Bayesian divergence dating analysis of the concatenated dataset (18S rRNA, 16S rRNA and COI). 
Posterior probabilities are indicated for all nodes. 
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APPENDIX 2 
 
Table S3.1. Sequencing and assembly statistics for the three transcriptome datasets. Number of reads pre- (raw 
reads) and post-cleaning (trimmed reads), number of transcripts, total assembled base pairs (total bp), N50 and N20 
values, GC content percentage (GC %) and completeness based on percentage of BUSCO metazoan genes 
represented in the transcriptome by complete of fragmented transcripts (BUSCO %).  
 Parameter O. phosphorea O. enopla S. magdalena 
 Raw reads 184,776,341 212,115,568 > 500,000,000 
 Trimmed reads > 500,000,000 208,645,302 169,757,021 
 Transcripts 190,595 197,663 356,464 
 Total bp 236,540,766 198,007,407 242,222,159 
 N50 2,128 1,651 1,082 
 N20 4,141 3,339 2,500 
 GC% 35.67 35.43 40.53 
BUSCO 
Complete 95.70 85.37 93.86 
Fragmented 2.87 10.33 5.62 
Total 98.57 95.70 99.48 
 Proteins 79,968 67,349 99,581 
 
 
Table S3.2 Proteins identified by mass spectrometry in whole worm extracts of Odontosyllis enopla. Matched 
transcript ID, putative annotation, peptide search score and percentage sequence coverage are provided. 
Transcript ID Description Score % Coverage 
comp50453_c0_seq2|m.13530 vitellogenin  13151 79.5 
comp64809_c0_seq4|m.62703 hypothetical protein CAPTEDRAFT_222921  10954 43.6 
comp64809_c0_seq1|m.62688 hypothetical protein CAPTEDRAFT_222921  8934 38.4 
comp66159_c0_seq7|m.81530 myosin  7538 57.1 
comp66159_c0_seq1|m.81504 myosin  7286 47.1 
comp66159_c0_seq6|m.81526 myosin heavy chain isoform A  6445 54.6 
comp66159_c0_seq2|m.81509 myosin heavy chain isoform A  6220 51.7 
comp66159_c0_seq4|m.81518 myosin heavy chain isoform A  6115 60 
comp61928_c0_seq1|m.39771 Actin-2 [Caenorhabditis elegans] 4229 65.7 
comp66091_c0_seq19|m.79930 PREDICTED: uncharacterized protein LOC106173126  3823 60 
comp64809_c0_seq2|m.62691 hypothetical protein CAPTEDRAFT_222921  3562 24 
comp53671_c0_seq1|m.16935 putative paramyosin-3  3265 56.5 
comp66091_c0_seq16|m.79926 vitellogenin  3001 71.8 
comp61928_c0_seq4|m.39777 actin [Azumapecten farreri] 2563 58.1 
comp54590_c0_seq1|m.18221 hypothetical protein CAPTEDRAFT_156731  2060 57.4 
comp38817_c0_seq1|m.7130 cytoplasmic creatine kinase  1990 58.2 
comp25659_c0_seq1|m.3907 calcium-transporting ATPase variant 2  1938 39.2 
comp54899_c0_seq1|m.18606 hypothetical protein CAPTEDRAFT_167027  1906 34.1 
comp57808_c0_seq4|m.24062 cytoplasmic intermediate filament protein  1661 50.1 
comp58772_c0_seq1|m.26396 PREDICTED: filamin-A-like isoform X1  1571 21.7 
comp65074_c0_seq1|m.65071 hypothetical protein OCBIM_22011261mg  1552 19.3 
comp64358_c0_seq7|m.56690 hypothetical protein CAPTEDRAFT_148581  1512 31 
comp64358_c0_seq1|m.56656 hypothetical protein CAPTEDRAFT_148581  1500 31.3 
comp57808_c0_seq2|m.24060 cytoplasmic intermediate filament protein  1424 47.6 
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comp53548_c0_seq1|m.16758 myosin  1407 20.5 
comp57808_c0_seq6|m.24064 AF101065_1intermediate filament gliarin  1352 43.6 
comp37923_c0_seq1|m.6797 putative elongation factor 1-alpha-like protein  1343 47.3 
comp57808_c0_seq1|m.24059 cytoplasmic intermediate filament protein  1331 49 
comp59486_c0_seq1|m.28578 AF173680_1myosin regulatory light chain  1303 60.1 
comp19417_c0_seq1|m.2579 ribosomal protein rpl40 [Lineus viridis] 1290 36.6 
comp57808_c0_seq3|m.24061 cytoplasmic intermediate filament protein  1287 47.6 
comp57808_c0_seq5|m.24063 cytoplasmic intermediate filament protein  1242 47.4 
comp37220_c0_seq1|m.6545 hypothetical protein CAPTEDRAFT_157862  1170 41.4 
comp62185_c0_seq10|m.41177 PREDICTED: tubulin alpha-1A chain-like  1102 42.2 
comp51675_c0_seq1|m.14781 hypothetical protein CAPTEDRAFT_101963  1081 37.2 
comp51273_c0_seq1|m.14346 PREDICTED: transitional endoplasmic reticulum ATPase  1023 38.3 
comp100860_c0_seq1|m.93519 PREDICTED: vitellogenin-6-like  1005 43 
comp59486_c0_seq2|m.28579 AF173680_1myosin regulatory light chain  1005 49.2 
comp43782_c0_seq1|m.9059 hypothetical protein CAPTEDRAFT_19549  971 72.8 
comp60198_c0_seq1|m.31393 hypothetical protein HELRODRAFT_185027  907 33.3 
comp66662_c0_seq1|m.89273 hypothetical protein CAPTEDRAFT_177145  896 56.3 
comp36948_c0_seq1|m.6449 hypothetical protein HELRODRAFT_68265  874 28.2 
comp65947_c0_seq1|m.77504 PREDICTED: myosin heavy chain, non-muscle isoform X9  869 16.4 
comp48167_c0_seq2|m.11718 PREDICTED: tubulin beta-4B chain isoform X1 837 43.7 
comp56744_c0_seq1|m.21564 hypothetical protein CAPTEDRAFT_156715  833 43.4 
comp53660_c0_seq1|m.16917 hypothetical protein HELRODRAFT_185295  816 32.5 
comp23274_c0_seq1|m.3357 PREDICTED: ATP synthase subunit alpha, mitochondrial  761 38.9 
comp53660_c0_seq2|m.16918 hypothetical protein HELRODRAFT_185295  754 33.5 
comp70400_c0_seq1|m.89961 ---NA--- 748 36.4 
comp20154_c0_seq1|m.2709 heat shock protein 90 [Phascolosoma esculenta] 711 27 
comp53718_c0_seq1|m.17000 hypothetical protein CAPTEDRAFT_157209  709 30.7 
comp54571_c0_seq1|m.18205 PREDICTED: adenosylhomocysteinase A  684 50.3 
comp48229_c0_seq2|m.11756 PREDICTED: histone-binding protein N1/N2-like 678 33.8 
comp62581_c1_seq10|m.43396 hypothetical protein CAPTEDRAFT_223059  660 29 
comp58095_c0_seq1|m.24723 glyceraldehyde-3-phosphate dehydrogenase  656 54 
comp59770_c0_seq2|m.29598 arginine kinase [Sepioteuthis lessoniana] 648 49.2 
comp44133_c0_seq1|m.9309 hypothetical protein CAPTEDRAFT_220433  629 43.1 
comp57806_c0_seq1|m.24046 PREDICTED: ubiquitin-like modifier-activating enzyme  627 28.3 
comp61336_c0_seq2|m.36406 PREDICTED: gelsolin-like protein 2 isoform X2  608 36.2 
comp63559_c0_seq1|m.50302 myosin  600 13.2 
comp66026_c0_seq10|m.78641 hypothetical protein CAPTEDRAFT_199501  590 17 
comp56100_c0_seq1|m.20491 hypothetical protein CAPTEDRAFT_179778  582 31.3 
comp49641_c0_seq1|m.12856 PREDICTED: annexin A7-like isoform X2  579 62.8 
comp63919_c4_seq13|m.53119 hypothetical protein LOTGIDRAFT_214098  572 27.4 
comp65527_c0_seq1|m.71799 PREDICTED: isocitrate dehydrogenase [NADP] 557 34.8 
comp48896_c0_seq1|m.12268 omega class glutathione-s-transferase 556 53.1 
comp66188_c0_seq1|m.81917 glucose-regulated protein 94  554 27.1 
comp49641_c0_seq2|m.12857 PREDICTED: annexin A7-like isoform X2  543 59.1 
comp61346_c0_seq2|m.36427 hypothetical protein CAPTEDRAFT_17776  541 39.5 
comp64837_c0_seq1|m.62885 PREDICTED: arylsulfatase B 539 25.1 
comp65677_c0_seq9|m.74501 hypothetical protein CAPTEDRAFT_159854  539 45.5 
comp65677_c0_seq3|m.74493 hypothetical protein CAPTEDRAFT_159854  522 45.3 
comp63056_c3_seq5|m.46719 hypothetical protein LOTGIDRAFT_214098  505 24.7 
comp66763_c0_seq1|m.89359 PREDICTED: 78 kDa glucose-regulated protein 502 21.3 
comp57890_c0_seq2|m.24188 hypothetical protein CAPTEDRAFT_163682  495 27.2 
comp58338_c0_seq1|m.25403 heat shock protein-70kDa [Alvinella pompejana] 493 17.9 
comp60254_c0_seq1|m.31550 PREDICTED: mitochondrial-processing peptidase 493 25.8 
comp41009_c0_seq1|m.7921 SCP_PERVTRecName: Sarcoplasmic calcium-binding protein 483 49.3 
comp56395_c0_seq1|m.21012 hypothetical protein CAPTEDRAFT_164804  474 29.4 
comp54107_c0_seq1|m.17588 PREDICTED: T-complex protein 1 subunit theta-like  458 29.2 
comp58849_c0_seq1|m.26645 hypothetical protein CAPTEDRAFT_166194  456 44.7 
comp61044_c0_seq1|m.34923 catalase  453 23.4 
comp53936_c1_seq1|m.17281 ezrin/radixin/moesin  449 21.9 
comp63892_c0_seq1|m.52724 PREDICTED: 14-3-3 protein zeta isoform X2  447 37.3 
comp53892_c1_seq1|m.17228 PREDICTED: tubulin alpha chain-like, partial 442 32.2 
comp56329_c2_seq1|m.20906 myosin  442 24.1 
comp53885_c0_seq1|m.17216 PREDICTED: myosin heavy chain 434 40.7 
comp65677_c0_seq6|m.74496 hypothetical protein CAPTEDRAFT_159854  434 42.1 
comp56592_c0_seq1|m.21312 PREDICTED: 26S proteasome non-ATPase regulatory subunit 11A  432 35.5 
comp66365_c1_seq1|m.84905 hypothetical protein CAPTEDRAFT_163980  423 13.2 
comp64389_c0_seq1|m.57818 hypothetical protein CAPTEDRAFT_182411  413 23.6 
comp64262_c0_seq1|m.56081 PREDICTED: 97 kDa heat shock protein-like isoform X1  411 17.2 
comp64363_c0_seq1|m.56775 hypothetical protein CAPTEDRAFT_150577  409 17.7 
comp18612_c0_seq1|m.2428 PREDICTED: heterogeneous nuclear ribonucleoprotein Q 407 29.9 
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comp53348_c0_seq2|m.16465 hypothetical protein CAPTEDRAFT_168025  401 21.8 
comp49136_c0_seq1|m.12480 PREDICTED: phosphoglycerate kinase 1-like  400 38.5 
comp63892_c0_seq3|m.52726 PREDICTED: 14-3-3 protein zeta isoform X1 397 27.7 
comp24140_c0_seq1|m.3573 calreticulin precursor  395 42.1 
comp47940_c0_seq1|m.11537 hypothetical protein CAPTEDRAFT_163594  395 34.5 
comp64738_c0_seq1|m.61904 PREDICTED: retinal dehydrogenase 2-like  395 35.4 
comp66243_c7_seq13|m.82832 PREDICTED: T-complex protein 1 subunit eta-like isoform X1  389 32.2 
comp63188_c1_seq1|m.47474 PREDICTED: putative aminopeptidase W07G4.4  388 29.5 
comp65261_c0_seq7|m.67524 hypothetical protein CAPTEDRAFT_180856  387 21.4 
comp62530_c0_seq1|m.43137 PREDICTED: 6-phosphogluconate dehydrogenase 384 20.1 
comp51762_c0_seq1|m.14832 hypothetical protein CAPTEDRAFT_168025  383 21.1 
comp19227_c0_seq1|m.2544 unnamed protein product [Oikopleura dioica] 381 38.9 
comp59489_c2_seq1|m.28587 beta tubulin, partial [Choanoflagellida sp. SL163] 380 37.9 
comp66236_c0_seq7|m.82733 hypothetical protein LOTGIDRAFT_185986  375 27.5 
comp61471_c0_seq1|m.36954 mitochondrial glutathione reductase [Haliotis madaka] 372 22 
comp63239_c0_seq1|m.47954 hypothetical protein CAPTEDRAFT_170392  371 24 
comp12071_c0_seq1|m.1103 PREDICTED: T-complex protein 1 subunit gamma  369 28.1 
comp59770_c0_seq5|m.29601 arginine kinase [Sepioteuthis lessoniana] 366 42.7 
comp14802_c0_seq1|m.1753 PREDICTED: piwi-like protein 1  363 17.9 
comp27211_c0_seq1|m.4281 troponin C [Perinereis vancaurica tetradentata] 361 65.3 
comp54724_c0_seq1|m.18378 hypothetical protein HELRODRAFT_186162  359 23.4 
comp64738_c0_seq2|m.61905 PREDICTED: retinal dehydrogenase 2-like  355 27.6 
comp66102_c1_seq3|m.80097 Annexin A6 [Toxocara canis] 353 17.1 
comp25803_c0_seq1|m.3944 putative multifunctional chaperone  348 40.5 
comp51735_c0_seq1|m.14814 PREDICTED: 60S acidic ribosomal protein P0 345 26.5 
comp59121_c0_seq1|m.27465 hypothetical protein CAPTEDRAFT_148793  334 27.2 
comp41180_c0_seq1|m.7996 hypothetical protein CAPTEDRAFT_171942  333 45.2 
comp59236_c0_seq1|m.27807 hypothetical protein CAPTEDRAFT_152314  333 11 
comp64291_c0_seq1|m.56267 aconitate hydratase 329 22.9 
comp57317_c0_seq1|m.22984 PREDICTED: 14-3-3 protein epsilon 324 36.2 
comp64738_c0_seq3|m.61906 PREDICTED: retinal dehydrogenase 2-like  324 36.5 
comp22294_c0_seq1|m.3113 peroxiredoxin  320 34.1 
comp57821_c0_seq1|m.24080 PREDICTED: gelsolin-like protein 2  320 32.2 
comp63548_c1_seq1|m.50274 PREDICTED: cytosolic 10-formyltetrahydrofolate dehydrogenase 320 13.6 
comp64163_c0_seq2|m.55330 hypothetical protein CAPTEDRAFT_156570  319 38.3 
comp64278_c1_seq11|m.56196 hypothetical protein OCBIM_22004658mg  318 20.5 
comp66644_c0_seq1|m.89255 40S ribosomal protein [Phragmatopoma lapidosa] 318 29.2 
comp40324_c0_seq1|m.7670 40S ribosomal protein S8 [Labrus bergylta] 309 22.1 
comp22733_c0_seq1|m.3215 hypothetical protein HELRODRAFT_185039  307 44.7 
comp30319_c0_seq1|m.4924 hypothetical protein CAPTEDRAFT_72445, partial  304 34.6 
comp53824_c0_seq2|m.17116 hypothetical protein CAPTEDRAFT_180936  303 22.7 
comp63868_c0_seq6|m.52464 PREDICTED: sulfotransferase 1A1 [Sarcophilus harrisii] 303 31.6 
comp64118_c0_seq1|m.54910 PREDICTED: uncharacterized protein YMR196W-like  303 13.6 
comp65700_c1_seq1|m.74706 hypothetical protein CAPTEDRAFT_150579  302 11.6 
comp55446_c0_seq1|m.19367 hypothetical protein A3Q56_01412 [Intoshia linei] 299 26.9 
comp65950_c0_seq1|m.77535 PREDICTED: exportin-2-like  299 11.6 
comp66668_c0_seq1|m.89277 PREDICTED: glutathione S-transferase alpha-5-like  299 49 
comp64591_c0_seq7|m.59538 PREDICTED: peptidyl-prolyl cis-trans isomerase  298 37.3 
comp65926_c1_seq2|m.77231 PREDICTED: uncharacterized protein LOC106807044 isoform X3 298 28.1 
comp60436_c1_seq1|m.32142 PREDICTED: serine/threonine-protein phosphatase 2A  297 16.7 
comp63826_c8_seq1|m.52241 putative eukaryotic translation initiation factor 5A-1  296 42.8 
comp63065_c0_seq2|m.46757 PREDICTED: importin subunit alpha-5  286 24.8 
comp58335_c0_seq1|m.25392 PREDICTED: T-complex protein 1 subunit beta-like  282 31.1 
comp65148_c1_seq2|m.66163 PREDICTED: lethal(2) giant larvae protein homolog 1-like  282 14.8 
comp49275_c2_seq1|m.12593 PREDICTED: tubulin beta-4B chain isoform X5  279 26.4 
comp60087_c0_seq1|m.31047 malate dehydrogenase  275 17.8 
comp51686_c0_seq1|m.14795 ---NA--- 274 25.9 
comp66622_c0_seq1|m.89230 PREDICTED: 60S ribosomal protein L5-like  272 30.7 
comp51267_c0_seq1|m.14337 triosephosphate isomerase 1  264 48.6 
comp55304_c0_seq10|m.19177 PREDICTED: ADP,ATP carrier protein 3, mitochondrial-like  264 25.2 
comp61305_c0_seq16|m.36280 hypothetical protein CAPTEDRAFT_227872  262 8.4 
comp18995_c0_seq1|m.2496 PREDICTED: 40S ribosomal protein S4-like  261 32.9 
comp61985_c0_seq1|m.39972 PROF_HELCRRecName: Full=Profilin 261 44.4 
comp53816_c0_seq1|m.17104 hypothetical protein CAPTEDRAFT_165495  260 30.1 
comp30660_c0_seq1|m.5004 cathepsin D [Pinctada margaritifera] 258 25.6 
comp28939_c0_seq1|m.4623 hypothetical protein CAPTEDRAFT_151243  257 7.5 
comp57293_c0_seq1|m.22942 hypothetical protein CAPTEDRAFT_152596  257 18.7 
comp51747_c0_seq1|m.14823 cofilin-like [Orbicella faveolata] 256 41.5 
comp61210_c0_seq1|m.35563 PREDICTED: inorganic pyrophosphatase-like  256 29.9 
comp63550_c0_seq1|m.50278 hypothetical protein FF38_06263 [Lucilia cuprina] 251 26 
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comp66599_c0_seq1|m.89054 PREDICTED: titin-like isoform X1  249 3.1 
comp65941_c0_seq1|m.77418 hypothetical protein CAPTEDRAFT_196991  247 7.3 
comp37998_c0_seq1|m.6828 hypothetical protein CAPTEDRAFT_221625  246 35.8 
comp14538_c0_seq1|m.1710 hypothetical protein CAPTEDRAFT_171884  244 32.6 
comp66310_c0_seq1|m.84003 Hexokinase type 2  244 19.1 
comp24145_c0_seq1|m.3577 hypothetical protein CAPTEDRAFT_173297  243 20.3 
comp64728_c0_seq13|m.61768 hypothetical protein CAPTEDRAFT_120325, partial  242 12.5 
comp65876_c0_seq2|m.76596 PREDICTED: myoferlin isoform X5  242 16.9 
comp43900_c0_seq1|m.9110 PREDICTED: arachidonate 5-lipoxygenase-like  241 24.5 
comp65580_c1_seq37|m.73066 hypothetical protein TRIADDRAFT_62217  241 37.5 
comp29956_c0_seq1|m.4856 PREDICTED: 26S protease regulatory subunit 7  240 24.1 
comp39078_c0_seq1|m.7210 PREDICTED: ADP-ribosylation factor 1-like  240 45.4 
comp63124_c0_seq2|m.47111 PREDICTED: hypoxia up-regulated protein 1-like isoform X4  238 9.8 
comp53859_c0_seq5|m.17188 ---NA--- 237 21.9 
comp66102_c1_seq1|m.80095 hypothetical protein CAPTEDRAFT_158666  237 29.9 
comp57358_c0_seq1|m.23084 PREDICTED: arylsulfatase I isoform X2 235 27 
comp58333_c0_seq1|m.25386 hypothetical protein CAPTEDRAFT_148058  235 26.6 
comp58335_c0_seq1|m.25393 PREDICTED: T-complex protein 1 subunit beta-like  235 39.1 
comp51768_c0_seq1|m.14836 PREDICTED: protein SET-like  234 21.4 
comp64163_c0_seq1|m.55329 hypothetical protein CAPTEDRAFT_156570  233 29.5 
comp54702_c0_seq1|m.18342 PREDICTED: AP-1 complex subunit beta-1-like isoform X2  230 10.2 
comp65029_c1_seq1|m.64697 hypothetical protein CAPTEDRAFT_168697  230 24 
comp63948_c0_seq1|m.53329 ras-related protein Rab-2 [Orbicella faveolata] 229 37.8 
comp64511_c0_seq1|m.58704 PREDICTED: uncharacterized protein LOC106178715  229 11.8 
comp20917_c0_seq1|m.2829 40S ribosomal protein S5  227 11 
comp55897_c0_seq1|m.20145 hypothetical protein CAPTEDRAFT_148401  227 11.3 
comp58756_c0_seq1|m.26378 hypothetical protein CAPTEDRAFT_120382  226 20.7 
comp59492_c0_seq1|m.28590 PREDICTED: glucose-6-phosphate 1-dehydrogenase-like 225 13.6 
comp66044_c1_seq15|m.78877 PREDICTED: ankyrin-3-like isoform X20  225 6.1 
comp40166_c0_seq1|m.7598 PREDICTED: heterogeneous nuclear ribonucleoprotein D 224 20.6 
comp41532_c0_seq1|m.8103 Wu:fj06d02 protein [Xenopus laevis] 224 39.1 
comp65152_c0_seq1|m.66220 hypothetical protein CAPTEDRAFT_161906  224 24.2 
comp49160_c0_seq1|m.12488 PREDICTED: uncharacterized protein LOC106173269  222 15.1 
comp16890_c0_seq1|m.2107 hypothetical protein CAPTEDRAFT_148920  221 18.6 
comp54649_c0_seq1|m.18299 PREDICTED: thioredoxin domain-containing protein 5  220 23.2 
comp60367_c1_seq1|m.31934 DNA replication licensing factor mcm2  220 9.5 
comp59140_c0_seq1|m.27500 peroxiredoxin 6 [Saccostrea glomerata] 218 34.5 
comp60381_c0_seq1|m.31964 hypothetical protein CAPTEDRAFT_20933  217 12.7 
comp64209_c0_seq1|m.55678 PREDICTED: methylmalonate-semialdehyde dehydrogenase 217 25.1 
comp66102_c1_seq2|m.80096 hypothetical protein CAPTEDRAFT_158666  217 32.6 
comp63964_c0_seq1|m.53403 hypothetical protein HELRODRAFT_184972  216 21 
comp38893_c0_seq2|m.7162 PREDICTED: 26S protease regulatory subunit 10B  214 21.5 
comp66427_c0_seq10|m.85757 hypothetical protein g.19070 210 16.2 
comp20754_c0_seq1|m.2815 tumor protein, translationally-controlled 1 209 26.2 
comp59138_c0_seq1|m.27495 hypothetical protein CAPTEDRAFT_119829  207 9.1 
comp59489_c0_seq1|m.28586 tubulin beta-4A chain isoform X17 207 71.2 
comp66147_c0_seq10|m.81134 PREDICTED: serine/threonine-protein phosphatase   207 7.6 
comp63592_c0_seq5|m.50450 PREDICTED: nucleolin-like  206 9.4 
comp65375_c0_seq10|m.69324 hypothetical protein CAPTEDRAFT_164235  206 11.6 
comp51717_c0_seq1|m.14807 Malate dehydrogenase, cytoplasmic-like protein 202 23.3 
comp63696_c0_seq1|m.51346 hypothetical protein CAPTEDRAFT_120375  202 14.4 
comp66243_c7_seq4|m.82819 hypothetical protein CAPTEDRAFT_165363  202 8 
comp57155_c0_seq3|m.22550 PREDICTED: enolase-phosphatase E1-like  201 28.3 
comp66533_c0_seq10|m.88043 hypothetical protein CAPTEDRAFT_181658  201 24.2 
comp37726_c0_seq1|m.6716 KINH_DORPERecName: Full=Kinesin heavy chain 199 7.6 
comp65230_c4_seq1|m.67139 hypothetical protein HELRODRAFT_63467, partial  199 22.7 
comp64861_c0_seq2|m.63112 hypothetical protein CAPTEDRAFT_205832  197 9.2 
comp64664_c1_seq18|m.60090 hypothetical protein HELRODRAFT_113932  196 18.4 
comp65719_c0_seq2|m.74903 PREDICTED: bifunctional purine biosynthesis protein 196 12 
comp61107_c0_seq1|m.35176 Annexin A6 [Toxocara canis] 194 4.4 
comp63341_c5_seq1|m.48632 PREDICTED: ribonucleoside-diphosphate reductase 191 15 
comp64728_c0_seq19|m.61778 hypothetical protein CAPTEDRAFT_120325, partial  191 18.3 
comp66667_c0_seq1|m.89276 hypothetical protein CAPTEDRAFT_21725  191 24.7 
comp65668_c0_seq3|m.74201 PREDICTED: proliferation-associated protein 2G4-like  190 25.8 
comp66628_c0_seq1|m.89239 PREDICTED: 40S ribosomal protein S2  190 18.6 
comp41732_c0_seq1|m.8205 PREDICTED: T-complex protein 1 subunit alpha isoform X1  188 9 
comp54443_c0_seq1|m.18019 hypothetical protein CAPTEDRAFT_182829  188 15.3 
comp62198_c2_seq11|m.41245 ---NA--- 188 40.9 
comp36292_c0_seq2|m.6306 PREDICTED: elongation factor 1-delta-like isoform X1  187 20.2 
comp51831_c0_seq1|m.14881 unnamed protein product [Coffea canephora] 187 22.5 
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comp58307_c0_seq1|m.25290 hypothetical protein CAPTEDRAFT_21125  187 23.2 
comp64399_c0_seq2|m.57887 4-hydroxyphenylpyruvate dioxygenase  186 13.6 
comp43709_c0_seq1|m.9029 PREDICTED: NADH dehydrogenase [ubiquinone]  185 22.2 
comp43961_c0_seq1|m.9166 cytochrome c oxidase subunit Va [Coptotermes formosanus] 185 46.6 
comp61123_c0_seq1|m.35228 hypothetical protein HELRODRAFT_93524  185 12.8 
comp62497_c1_seq1|m.42992 PREDICTED: caprin-1-like isoform X2  185 10.8 
comp62294_c0_seq1|m.41685 PREDICTED: staphylococcal nuclease domain-containing protein 184 8.7 
comp64040_c3_seq1|m.54112 ---NA--- 184 23.3 
comp66102_c1_seq5|m.80104 PREDICTED: annexin A6  184 28.9 
comp63955_c1_seq5|m.53373 hypothetical protein CAPTEDRAFT_226733  183 10.5 
comp66590_c0_seq1|m.88954 PREDICTED: titin-like  183 2.3 
comp66625_c0_seq1|m.89235 hypothetical protein HELRODRAFT_77706, partial  183 38.4 
comp63215_c0_seq1|m.47684 hypothetical protein CAPTEDRAFT_170444  182 13.6 
comp50981_c0_seq1|m.13989 PREDICTED: cellular retinoic acid-binding protein 2-like  181 39.4 
comp60956_c1_seq10|m.34415 hypothetical protein CAPTEDRAFT_179776  181 36.7 
comp61934_c0_seq1|m.39796 PREDICTED: eukaryotic peptide chain release factor subunit 1  181 19 
comp60459_c0_seq3|m.32240 hypothetical protein HELRODRAFT_186024  180 46.2 
comp20301_c0_seq1|m.2736 putative ribosomal protein P2 [Barentsia elongata] 179 53.5 
comp43861_c0_seq1|m.9088 PREDICTED: eukaryotic translation initiation factor 3 subunit M 179 19.8 
comp62445_c0_seq2|m.42633 conserved hypothetical protein [Trichoplax adhaerens] 179 16.4 
comp63868_c0_seq1|m.52454 PREDICTED: sulfotransferase 1A1-like  179 18.7 
comp66893_c0_seq1|m.89430 hypothetical protein LOTGIDRAFT_188929  179 29.1 
comp62168_c0_seq1|m.41084 hypothetical protein LOTGIDRAFT_195975  178 17 
comp18836_c0_seq1|m.2466 PREDICTED: 60S ribosomal protein L4-like  177 14.2 
comp56986_c0_seq2|m.22249 ATPase alpha-subunit, partial  177 40 
comp32078_c0_seq1|m.5317 PREDICTED: plasminogen activator inhibitor RNA-binding protein 174 14.5 
comp16176_c0_seq1|m.2000 hypothetical protein HELRODRAFT_180844  173 11.4 
comp65624_c0_seq3|m.73616 PREDICTED: protein disulfide-isomerase A4-like  173 11.3 
comp66212_c1_seq1|m.82228 hypothetical protein CAPTEDRAFT_182474  173 11 
comp57303_c0_seq1|m.22959 hypothetical protein HELRODRAFT_193611  172 17.5 
comp65063_c3_seq1|m.65008 hypothetical protein CAPTEDRAFT_21487  172 21.4 
comp14342_c0_seq1|m.1675 Peroxiredoxin 1 [Daphnia magna] 171 26.6 
comp53250_c1_seq1|m.16357 PREDICTED: 26S protease regulatory subunit 4  171 19.4 
comp50865_c0_seq1|m.13863 hypothetical protein CAPTEDRAFT_162556  170 11.3 
comp59761_c0_seq1|m.29548 hypothetical protein HELRODRAFT_185865  168 14.1 
comp31263_c0_seq1|m.5138 ATP synthase subunit B (mitochondrion) 167 14.8 
comp66646_c0_seq1|m.89256 40S ribosomal protein [Phragmatopoma lapidosa] 167 6.9 
comp38893_c0_seq4|m.7164 PREDICTED: 26S protease regulatory subunit 8  166 19.8 
comp51926_c0_seq1|m.14931 PREDICTED: V-type proton ATPase subunit B  166 12.5 
comp62736_c0_seq2|m.44434 ---NA--- 165 26.5 
comp12376_c0_seq1|m.1172 hypothetical protein X975_20588, partial  164 26 
comp61904_c0_seq1|m.39645 hypothetical protein RvY_05119 164 37.9 
comp62500_c0_seq1|m.43008 hypothetical protein LOTGIDRAFT_207043  163 13.7 
comp65422_c3_seq11|m.70128 hypothetical protein CAPTEDRAFT_165873, partial  163 15.1 
comp60458_c0_seq1|m.32237 pyruvate dehydrogenase E1 component subunit beta 162 8.3 
comp61183_c0_seq1|m.35480 hypothetical protein BRAFLDRAFT_215283  162 18.4 
comp62278_c0_seq3|m.41629 hypothetical protein CAPTEDRAFT_223749  162 9.9 
comp64870_c0_seq6|m.63263 hypothetical protein CAPTEDRAFT_158397  162 19 
comp66659_c0_seq1|m.89272 PREDICTED: 40S ribosomal protein S19-like  162 31.9 
comp39454_c0_seq1|m.7339 hypothetical protein LOTGIDRAFT_235900  161 19.9 
comp48566_c0_seq1|m.12020 hypothetical protein CAPTEDRAFT_155251  161 48.2 
comp48989_c0_seq1|m.12353 hypothetical protein LOTGIDRAFT_212332  161 19 
comp55900_c0_seq1|m.20150 PREDICTED: synaptic vesicle membrane protein VAT-1 homolog  159 18.8 
comp61272_c0_seq1|m.35823 hypothetical protein CAPTEDRAFT_180307  159 20.5 
comp61481_c0_seq1|m.37014 PREDICTED: fibrous sheath CABYR-binding protein-like  159 13.6 
comp62885_c0_seq3|m.45522 PREDICTED: putative ATP-dependent RNA helicase me31b  158 17.1 
comp48406_c0_seq1|m.11897 hypothetical protein CAPTEDRAFT_149854  157 14.1 
comp51729_c0_seq1|m.14812 ribosomal protein rpl23a, partial [Lineus viridis] 157 30.4 
comp47786_c0_seq1|m.11422 PREDICTED: T-complex protein 1 subunit zeta-like  156 22 
comp64465_c0_seq2|m.58416 PREDICTED: dolichyl-diphosphooligosaccharide 156 8.2 
comp63246_c6_seq1|m.47979 hypothetical protein CAPTEDRAFT_202714  155 16.7 
comp44069_c0_seq1|m.9261 PREDICTED: ras-related protein Rap-1A isoform X2  154 32.6 
comp65602_c0_seq1|m.73331 PREDICTED: heat shock protein 75 kDa, mitochondrial-like  154 9.5 
comp66633_c0_seq1|m.89246 PREDICTED: 60S ribosomal protein L6-like  154 30.5 
comp25554_c0_seq1|m.3892 AGAP009508-PA, partial [Anopheles gambiae str. PEST] 153 33.9 
comp65443_c0_seq28|m.70529 PREDICTED: protein PRY1-like isoform X1  153 12.6 
comp66781_c0_seq1|m.89372 PREDICTED: neurocalcin homolog [Nasonia vitripennis] 153 26.3 
comp40333_c0_seq4|m.7674 ---NA--- 152 8.6 
comp65340_c0_seq2|m.68837 ---NA--- 152 8.1 
comp66241_c4_seq11|m.82801 DNA replication factor/protein phosphatase inhibitor SET/SPR-2 152 18.2 
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comp19664_c0_seq1|m.2610 40S ribosomal protein S24  151 23.6 
comp38893_c0_seq1|m.7161 PREDICTED: 26S protease regulatory subunit 10B  151 21.3 
comp53146_c0_seq1|m.16225 hypothetical protein LOTGIDRAFT_113208  151 21.8 
comp60724_c0_seq1|m.33378 putative rho, partial [Tabanus bromius] 151 33.8 
comp66624_c0_seq1|m.89233 ribosomal protein S 15a [Cerebratulus lacteus] 151 34.3 
comp60283_c0_seq1|m.31671 hypothetical protein CAPTEDRAFT_148023  150 14.5 
comp65153_c0_seq4|m.66227 PREDICTED: DNA replication licensing factor mcm7  150 9.7 
comp58807_c0_seq1|m.26504 PREDICTED: protein LSM14 homolog A-like isoform X2 149 11.7 
comp61067_c0_seq1|m.34994 peptidyl prolyl cis-trans isomerase B, partial 149 16.6 
comp32697_c0_seq1|m.5486 hypothetical protein HELRODRAFT_185641  148 14.7 
comp61346_c0_seq1|m.36425 hypothetical protein HELRODRAFT_186180  147 15.4 
comp62013_c0_seq1|m.40133 hypothetical protein CAPTEDRAFT_179534  147 18.9 
comp61727_c0_seq1|m.38874 hypothetical protein CAPTEDRAFT_154601  146 4.9 
comp26636_c0_seq1|m.4151 hypothetical protein CAPTEDRAFT_224291  145 21.4 
comp53617_c0_seq1|m.16863 PREDICTED: eukaryotic translation initiation factor 3 subunit L 144 10.1 
comp55486_c0_seq1|m.19431 hypothetical protein CAPTEDRAFT_227483  144 11.6 
comp65694_c1_seq2|m.74651 hypothetical protein LOTGIDRAFT_207383  144 9.5 
comp50603_c0_seq1|m.13658 calmodulin [Bigelowiella natans] 143 37.2 
comp66026_c0_seq11|m.78643 ---NA--- 143 15.5 
comp37545_c0_seq1|m.6660 PREDICTED: ras-related protein Rab-7a  142 27.5 
comp55926_c0_seq1|m.20185 PREDICTED: proteasome subunit alpha type-1  142 13.6 
comp58384_c3_seq1|m.25564 ---NA--- 142 24.6 
comp61986_c0_seq20|m.40001 PREDICTED: phosphatidylinositol transfer protein  142 17.1 
comp63436_c0_seq2|m.49456 PREDICTED: phenylalanine--tRNA ligase beta subunit-like  142 6.8 
comp66642_c0_seq1|m.89253 ribosomal protein rpl12 [Eurythoe complanata] 142 50 
comp63630_c0_seq1|m.50738 hypothetical protein CAPTEDRAFT_221766  141 7.1 
comp65195_c0_seq1|m.66818 PREDICTED: 26S proteasome non-ATPase regulatory subunit 2  141 7.3 
comp66693_c0_seq1|m.89289 PREDICTED: eukaryotic translation initiation factor 3 subunit H 141 11.4 
comp22141_c0_seq1|m.3082 PREDICTED: cytochrome c oxidase subunit 4 isoform 1 140 16 
comp42730_c0_seq2|m.8617 hypothetical protein CAPTEDRAFT_163453  140 19.5 
comp66631_c0_seq1|m.89243 hypothetical protein CAPTEDRAFT_21042  140 9.5 
comp29330_c0_seq1|m.4721 PREDICTED: 40S ribosomal protein S7  139 39 
comp44963_c0_seq3|m.9838 PREDICTED: myoferlin isoform X16  139 16.8 
comp54556_c0_seq1|m.18172 PREDICTED: transcription elongation factor B polypeptide 1  139 33.7 
comp56217_c0_seq1|m.20675 hypothetical protein [Streptomyces katrae] 139 12.3 
comp57890_c0_seq9|m.24195 glycogen phosphorylase [Hadrurus spadix] 139 17 
comp66640_c0_seq1|m.89251 putative ribosomal protein L14  139 27.4 
comp42001_c0_seq1|m.8334 hypothetical protein 138 37.8 
comp60644_c0_seq1|m.33031 PREDICTED: uncharacterized protein LOC101845410  138 8.2 
comp64539_c1_seq11|m.58958 hypothetical protein BRAFLDRAFT_79126  137 21.9 
comp64789_c0_seq1|m.62364 hypothetical protein CAPTEDRAFT_134807, partial  137 15.1 
comp66383_c0_seq3|m.85131 hypothetical protein CAPTEDRAFT_149846  137 22.6 
comp54304_c0_seq1|m.17798 PREDICTED: prolyl endopeptidase-like isoform X1  136 12.8 
comp61246_c0_seq1|m.35752 hypothetical protein CAPTEDRAFT_228467  136 8.2 
comp63152_c0_seq1|m.47257 hypothetical protein HELRODRAFT_115162  136 14.2 
comp24862_c0_seq1|m.3741 S-adenosylmethionine synthetase, partial  135 12.9 
comp60902_c0_seq11|m.34193 ---NA--- 135 26.4 
comp62505_c0_seq1|m.43036 hypothetical protein BRAFLDRAFT_117885  135 5.1 
comp64727_c0_seq1|m.61738 hypothetical protein HELRODRAFT_71728, partial  135 12.6 
comp54611_c0_seq1|m.18247 Peroxiredoxin-4, partial [Stegodyphus mimosarum] 133 19.7 
comp21055_c0_seq1|m.2848 PREDICTED: 60S ribosomal protein L10a-like  132 13.3 
comp56780_c0_seq1|m.21807 PREDICTED: heterogeneous nuclear ribonucleoprotein K 132 12 
comp65153_c0_seq3|m.66225 hypothetical protein LOTGIDRAFT_206222  132 5.4 
comp34183_c0_seq1|m.5821 hypothetical protein CAPTEDRAFT_228164  131 13.6 
comp60372_c0_seq1|m.31937 PREDICTED: serine/threonine-protein phosphatase PP1 131 21.9 
comp61776_c0_seq1|m.39128 PREDICTED: bleomycin hydrolase-like  131 6.9 
comp64184_c0_seq1|m.55499 PREDICTED: cytoplasmic dynein 1 heavy chain 1-like, partial  131 5.5 
comp64832_c1_seq1|m.62863 PREDICTED: arachidonate 5-lipoxygenase-like  131 20.4 
comp66459_c1_seq1|m.86334 PREDICTED: deoxyhypusine synthase-like  131 18.4 
comp63946_c3_seq1|m.53327 PREDICTED: prefoldin subunit 3-like  130 16.5 
comp24076_c0_seq1|m.3556 PREDICTED: 40S ribosomal protein S13  129 21.4 
comp49684_c0_seq1|m.12885 PREDICTED: coactosin-like protein  129 19.3 
comp63278_c0_seq2|m.48173 glycocyamine kinase alpha chain 129 24.3 
comp63798_c4_seq1|m.52090 hypothetical protein CAPTEDRAFT_170278  129 4.7 
comp54645_c0_seq1|m.18298 hypothetical protein CAPTEDRAFT_177589  128 16.1 
comp59203_c2_seq1|m.27721 hypothetical protein CAPTEDRAFT_21954  128 19.6 
comp59456_c0_seq1|m.28512 hypothetical protein CAPTEDRAFT_218806  128 9 
comp63488_c0_seq1|m.49846 hypothetical protein LOTGIDRAFT_223566  128 5.7 
comp63785_c0_seq13|m.51996 hypothetical protein CAPTEDRAFT_156570  127 15.8 
comp66523_c5_seq15|m.87793 hypothetical protein CAPTEDRAFT_156190  127 24.5 
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comp66639_c0_seq1|m.89250 PREDICTED: 40S ribosomal protein S6-like  127 17.6 
comp18911_c0_seq1|m.2481 PREDICTED: argininosuccinate synthase-like  126 17.1 
comp23605_c0_seq1|m.3440 PREDICTED: eukaryotic translation initiation factor 126 8.8 
comp54973_c0_seq1|m.18700 hypothetical protein CAPTEDRAFT_165096  126 24.3 
comp64425_c0_seq2|m.58076 hypothetical protein CAPTEDRAFT_171283  126 8.7 
comp55385_c0_seq1|m.19278 hypothetical protein CAPTEDRAFT_180564  125 14.9 
comp63005_c0_seq1|m.46287 hypothetical protein CAPTEDRAFT_161718  125 24.2 
comp65422_c4_seq1|m.70163 AF156708_1alcohol dehydrogenase class 3  125 22 
comp30113_c0_seq1|m.4880 ribosomal protein rpl7 [Arenicola marina] 124 19.9 
comp35389_c0_seq1|m.6079 PREDICTED: microtubule-associated protein RP/EB 124 18.8 
comp36525_c0_seq1|m.6362 PREDICTED: NADH dehydrogenase [ubiquinone]  124 5.6 
comp44136_c0_seq3|m.9317 hypothetical protein CAPTEDRAFT_166603  124 24.4 
comp54087_c0_seq1|m.17510 ---NA--- 124 12.8 
comp59664_c0_seq1|m.29177 PREDICTED: PDZ and LIM domain protein 7-like  124 18.5 
comp15249_c0_seq1|m.1845 hypothetical protein LOTGIDRAFT_232029  122 21.6 
comp43649_c0_seq1|m.8993 hypothetical protein CAPTEDRAFT_181922  122 19.6 
comp15046_c0_seq1|m.1795 hypothetical protein CAPTEDRAFT_171815  121 26.4 
comp25239_c0_seq1|m.3829 ---NA--- 121 23.2 
comp31511_c0_seq1|m.5188 PREDICTED: creatine kinase U-type, mitochondrial-like  121 23.1 
comp46001_c0_seq1|m.10478 calumenin-A-like isoform X4 [Oncorhynchus kisutch] 121 22.2 
comp18817_c0_seq1|m.2462 mKIAA0106 protein, partial [Mus musculus] 120 24 
comp26036_c0_seq2|m.4008 PREDICTED: 6-phosphogluconolactonase-like  120 16.7 
comp49529_c0_seq1|m.12755 hypothetical protein CAPTEDRAFT_111205  120 6.2 
comp66699_c0_seq1|m.89299 AChain A, Recombinant Actophorin 120 27.2 
comp62550_c0_seq1|m.43280 hypothetical protein HELRODRAFT_157532  119 20.4 
comp43644_c0_seq1|m.8989 Ras-related protein Rab-1A [Haliotis discus discus] 118 26.5 
comp54173_c0_seq1|m.17657 hypothetical protein HELRODRAFT_188672  118 25.1 
comp61428_c0_seq1|m.36708 cytochrome b5 [Haliotis discus discus] 118 41.4 
comp63437_c0_seq1|m.49458 hypothetical protein CAPTEDRAFT_164235  118 3.9 
comp64710_c0_seq1|m.61489 PREDICTED: synaptobrevin-binding protein 118 14.8 
comp40034_c0_seq1|m.7549 PREDICTED: importin subunit beta-1-like 117 19.3 
comp49479_c0_seq4|m.12731 PREDICTED: fatty acid-binding protein, intestinal-like  117 18.8 
comp51317_c0_seq1|m.14395 hypothetical protein CAPTEDRAFT_220756  117 13.1 
comp58905_c0_seq1|m.26783 PREDICTED: spliceosome RNA helicase DDX39B  116 11.8 
comp59869_c0_seq1|m.30130 PREDICTED: prohibitin-2-like  116 25.8 
comp60412_c0_seq3|m.32075 hypothetical protein LOTGIDRAFT_216002  116 20 
comp61246_c0_seq4|m.35756 ---NA--- 115 11 
comp63124_c0_seq5|m.47122 PREDICTED: hypoxia up-regulated protein 1-like isoform X4  115 16.8 
comp54970_c0_seq1|m.18694 PREDICTED: 26S proteasome non-ATPase regulatory subunit 7  114 15.5 
comp61698_c0_seq1|m.38625 PREDICTED: 26S protease regulatory subunit 6A-B  114 14.7 
comp66198_c0_seq3|m.82028 hypothetical protein CAPTEDRAFT_197838  114 7.5 
comp12699_c0_seq1|m.1264 PREDICTED: aspartate aminotransferase  113 15.7 
comp19310_c0_seq1|m.2564 PREDICTED: 60S acidic ribosomal protein P1-like  113 43.8 
comp28251_c0_seq1|m.4477 putative 60S ribosomal protein RPL19 [Phoronis muelleri] 113 9.7 
comp43747_c0_seq1|m.9044 hypothetical protein CAPTEDRAFT_162815  113 8.2 
comp63278_c0_seq1|m.48172 glycocyamine kinase alpha subunit [Alitta virens] 113 24.2 
comp61216_c0_seq1|m.35635 PREDICTED: thimet oligopeptidase-like  112 7.6 
comp61688_c0_seq1|m.38582 hypothetical protein CAPTEDRAFT_169528  112 29.8 
comp62736_c0_seq1|m.44431 ---NA--- 112 17.4 
comp69368_c0_seq1|m.89775 PREDICTED: succinyl-CoA ligase [GDP-forming] subunit beta 112 12.6 
comp34692_c0_seq1|m.5950 PREDICTED: reticulon-1-A isoform X6  111 15.1 
comp62361_c0_seq4|m.42094 PREDICTED: retinal dehydrogenase 1-like  111 6.6 
comp62914_c5_seq1|m.45673 hypothetical protein CAPTEDRAFT_155000  111 5.5 
comp63296_c0_seq1|m.48247 hypothetical protein CAPTEDRAFT_153144  111 5.4 
comp19435_c0_seq1|m.2582 ribosomal protein rps12 [Eurythoe complanata] 110 20.4 
comp31374_c0_seq1|m.5158 hypothetical protein CAPTEDRAFT_162826  110 16.1 
comp33782_c0_seq1|m.5732 G protein alpha subunit  110 15.4 
comp38608_c0_seq1|m.7058 hypothetical protein CAPTEDRAFT_179168  110 9.1 
comp56337_c0_seq1|m.20921 PREDICTED: voltage-dependent anion-selective channel protein 110 8.9 
comp60777_c0_seq1|m.33689 hypothetical protein CAPTEDRAFT_199607  110 8.9 
comp65424_c1_seq2|m.70168 hypothetical protein CAPTEDRAFT_227990  110 6.3 
comp48012_c0_seq1|m.11591 hypothetical protein BRAFLDRAFT_267717  109 6.6 
comp59708_c0_seq1|m.29393 hypothetical protein CAPTEDRAFT_148728  109 12.2 
comp63092_c0_seq1|m.46940 PREDICTED: SUMO-activating enzyme subunit 2  109 14 
comp62464_c0_seq10|m.42727 PREDICTED: lysine--tRNA ligase isoform X2 [Salmo salar] 108 9.9 
comp67093_c0_seq1|m.89478 PREDICTED: uncharacterized protein LOC106173521 isoform X1  108 20.6 
comp55925_c0_seq3|m.20183 hypothetical protein HELRODRAFT_188380  107 24.6 
comp58991_c0_seq1|m.27048 hypothetical protein CAPTEDRAFT_225689  107 10.6 
comp61063_c0_seq1|m.34981 PREDICTED: interleukin enhancer-binding factor 2 homolog  107 13.1 
comp66720_c0_seq1|m.89314 PREDICTED: electron transfer flavoprotein subunit beta  107 20.9 
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comp19366_c0_seq1|m.2567 ribosomal protein S25 [Lepidochitona cinerea] 106 12.5 
comp19513_c0_seq1|m.2592 PREDICTED: 60S ribosomal protein L15 [Loxodonta africana] 106 11.4 
comp44398_c0_seq2|m.9483 PREDICTED: importin subunit alpha-7-like  106 6.7 
comp51823_c0_seq1|m.14874 triblock protein copolymer TP12T precursor 106 4.1 
comp44182_c0_seq1|m.9340 PREDICTED: dihydropyrimidinase isoform X6  105 5.4 
comp53811_c0_seq3|m.17094 hypothetical protein CAPTEDRAFT_229004  105 7.7 
comp56592_c0_seq2|m.21314 hypothetical protein CAPTEDRAFT_225326  105 40 
comp65114_c0_seq10|m.65560 PREDICTED: glutenin, high molecular weight subunit PW212 105 6.5 
comp49441_c0_seq1|m.12715 PREDICTED: ras GTPase-activating protein-binding protein 2  104 18.9 
comp60998_c0_seq1|m.34682 hypothetical protein HELRODRAFT_185295  104 8.1 
comp64379_c0_seq1|m.57347 PREDICTED: kelch domain-containing protein 1-like  104 14 
comp64404_c0_seq10|m.57941 PREDICTED: cyclin-dependent kinase 1  104 12.1 
comp66637_c0_seq1|m.89248 PREDICTED: 60S ribosomal protein L13  104 14.3 
comp56463_c1_seq1|m.21090 glutamate transporter protein  103 2.3 
comp65830_c0_seq1|m.76015 PREDICTED: rootletin-like isoform X4  103 2.8 
comp23209_c0_seq1|m.3343 strombine dehydrogenase [Arenicola marina] 102 18.4 
comp31178_c0_seq1|m.5119 PREDICTED: ATP synthase subunit O, mitochondrial-like  102 20.2 
comp40228_c0_seq1|m.7634 Histone H4 [Cricetulus griseus] 102 24.6 
comp43786_c0_seq1|m.9062 hypothetical protein BRAFLDRAFT_69722  102 17 
comp51269_c0_seq1|m.14342 PREDICTED: proteasome subunit beta type-7  102 11 
comp53677_c0_seq1|m.16954 PREDICTED: receptor of activated protein C kinase 1  102 20.1 
comp55356_c0_seq1|m.19233 PREDICTED: programmed cell death 6-interacting protein 102 13.2 
comp65249_c0_seq1|m.67406 PREDICTED: uncharacterized protein LOC106475632  102 19.4 
comp66921_c0_seq1|m.89443 hypothetical protein BRAFLDRAFT_126856  102 13.5 
comp12124_c0_seq1|m.1111 PREDICTED: histone-binding protein RBBP4 isoform X2  101 13.3 
comp25691_c0_seq1|m.3912 hypothetical protein CAPTEDRAFT_224049  101 10.4 
comp39261_c0_seq1|m.7274 proteasome subunit alpha type-4 101 18.5 
comp39739_c0_seq1|m.7437 PREDICTED: stress-induced-phosphoprotein 1-like  101 10.1 
comp61247_c0_seq1|m.35760 hypothetical protein CAPTEDRAFT_180537  101 7.5 
comp61458_c0_seq5|m.36889 predicted protein [Nematostella vectensis] 101 13.3 
comp64392_c2_seq10|m.57838 Mitotic apparatus protein p62  101 14.6 
comp65053_c1_seq10|m.64943 PREDICTED: thioredoxin reductase 1, cytoplasmic  101 4.9 
comp65277_c1_seq2|m.67790 hypothetical protein CAPTEDRAFT_167979  101 7.4 
comp66181_c0_seq1|m.81852 hypothetical protein TRFO_21244 [Tritrichomonas foetus] 101 2.9 
comp64550_c3_seq2|m.59055 hypothetical protein CAPTEDRAFT_173451  100 3.3 
comp66713_c0_seq1|m.89308 hypothetical protein g.32371, partial [Cuerna arida] 100 23 
comp47771_c0_seq1|m.11403 ribosomal protein rpl23 [Arenicola marina] 99 17 
comp62420_c2_seq4|m.42505 hypothetical protein CAPTEDRAFT_151799  99 8.3 
comp62585_c1_seq6|m.43408 hypothetical protein CAPTEDRAFT_18710  99 18.6 
comp64183_c0_seq1|m.55489 PREDICTED: low-density lipoprotein receptor-related protein 99 5 
comp66641_c0_seq1|m.89252 60s ribosomal protein l11, partial [Triatoma infestans] 99 15 
comp43852_c0_seq1|m.9085 PREDICTED: 40S ribosomal protein SA-like  98 12.2 
comp59554_c0_seq2|m.28770 PREDICTED: valine--tRNA ligase [Lates calcarifer] 98 7 
comp60362_c0_seq1|m.31912 hypothetical protein CAPTEDRAFT_21718  98 5.3 
comp19098_c0_seq1|m.2513 PREDICTED: 60S ribosomal protein L10-like  97 15.6 
comp50574_c0_seq1|m.13645 hypothetical protein CAPTEDRAFT_124853  96 8.9 
comp51207_c0_seq1|m.14257 hypothetical protein CAPTEDRAFT_162785  96 11 
comp58498_c0_seq1|m.25798 hypothetical protein CAPTEDRAFT_164454  96 4.3 
comp64862_c0_seq1|m.63115 PREDICTED: protein canopy homolog 2  96 8.8 
comp65118_c0_seq1|m.65646 hypothetical protein X975_15599, partial  96 8.6 
comp66894_c0_seq1|m.89431 PREDICTED: eukaryotic translation initiation factor 5A-1 96 22 
comp51651_c0_seq1|m.14765 PREDICTED: eukaryotic translation initiation factor 3 subunit C 95 3.7 
comp61216_c0_seq3|m.35636 hypothetical protein CAPTEDRAFT_161403  95 21.4 
comp64268_c0_seq1|m.56100 hypothetical protein LOTGIDRAFT_182444  95 10 
comp29093_c0_seq1|m.4660 PREDICTED: apoptosis-inducing factor 1 94 9.3 
comp62175_c0_seq11|m.41113 hypothetical protein LOTGIDRAFT_107505  94 6.6 
comp66649_c0_seq1|m.89260 ribosomal protein rps20 [Eurythoe complanata] 94 20.4 
comp60152_c0_seq1|m.31217 hypothetical protein CAPTEDRAFT_170088  93 2.5 
comp34632_c0_seq1|m.5934 PREDICTED: peptidyl-prolyl cis-trans isomerase-like  92 39.3 
comp41724_c0_seq1|m.8197 hypothetical protein CAPTEDRAFT_228685  92 8.7 
comp53235_c0_seq1|m.16326 ---NA--- 92 18.6 
comp53580_c0_seq1|m.16806 PREDICTED: serine/threonine-protein phosphatase 92 17.6 
comp56324_c0_seq1|m.20879 hypothetical protein CAPTEDRAFT_170886  92 17.1 
comp59000_c0_seq1|m.27070 hypothetical protein BRAFLDRAFT_117176  92 13.6 
comp62361_c0_seq1|m.42088 PREDICTED: retinal dehydrogenase 1-like  92 4.4 
comp62736_c0_seq4|m.44439 ---NA--- 92 10.6 
comp66626_c0_seq1|m.89236 predicted protein [Nematostella vectensis] 92 23.3 
comp90365_c0_seq1|m.92623 PREDICTED: calpain-A-like  92 13.8 
comp51470_c0_seq1|m.14567 PREDICTED: cytochrome c1, heme protein 91 16.7 
comp57339_c0_seq1|m.23034 PREDICTED: succinyl-CoA:3-ketoacid coenzyme A transferase 91 5 
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comp64180_c0_seq27|m.55478 PREDICTED: EF-hand domain-containing protein D2 91 18.5 
comp64422_c0_seq12|m.58074 PREDICTED: lupus La protein homolog  91 8.2 
comp66032_c2_seq8|m.78715 PREDICTED: activated RNA polymerase II  91 15.9 
comp14348_c0_seq1|m.1677 PREDICTED: tropomyosin-2-like isoform X9  90 44.1 
comp22753_c0_seq1|m.3221 PREDICTED: peptidyl-prolyl cis-trans isomerase-like  90 10.2 
comp59501_c0_seq1|m.28619 hypothetical protein CAPTEDRAFT_226991  90 10.8 
comp62979_c1_seq13|m.46028 hypothetical protein CAPTEDRAFT_154115  90 14.2 
comp64051_c0_seq5|m.54306 ---NA--- 90 19.8 
comp66652_c0_seq1|m.89266 PREDICTED: transcription factor BTF3 homolog 4-like  90 32.3 
comp37925_c0_seq1|m.6801 PREDICTED: S-phase kinase-associated protein 1  89 20.8 
comp63528_c0_seq10|m.50125 PREDICTED: mitochondrial import receptor subunit TOM22  89 18.5 
comp64715_c1_seq14|m.61520 PREDICTED: polyadenylate-binding protein-interacting protein 1 89 7.8 
comp14318_c0_seq1|m.1670 hypothetical protein CAPTEDRAFT_152823  88 15.7 
comp35767_c0_seq1|m.6189 PREDICTED: muscle M-line assembly protein unc-89-like  88 11.8 
comp54626_c3_seq1|m.18264 hypothetical protein D910_08710  88 14 
comp65636_c2_seq11|m.73774 PREDICTED: cAMP-dependent protein kinase catalytic subunit 88 8.4 
comp66014_c0_seq1|m.78148 PREDICTED: V-type proton ATPase subunit E-like  88 20.3 
comp43724_c0_seq1|m.9037 hypothetical protein LOTGIDRAFT_209217  87 20 
comp48941_c0_seq1|m.12292 piwi, partial  87 6.1 
comp60651_c0_seq1|m.33064 heat shock protein beta-6-like 87 15.5 
comp65793_c0_seq10|m.75690 ---NA--- 87 31.6 
comp65888_c0_seq10|m.76688 hypothetical protein CAPTEDRAFT_184782  87 27 
comp66198_c1_seq1|m.82034 NADH dehydrogenase [ubiquinone] iron-sulfur protein 3 87 14.2 
comp22756_c0_seq1|m.3223 hypothetical protein LOTGIDRAFT_132853  86 18.1 
comp42414_c0_seq1|m.8499 uncharacterized protein LOC110055988 86 31.7 
comp50121_c0_seq1|m.13268 PREDICTED: ubiquitin-conjugating enzyme E2 variant 2 86 15.7 
comp53063_c0_seq2|m.16134 PREDICTED: proactivator polypeptide-like  86 7.9 
comp60944_c0_seq2|m.34360 hypothetical protein CAPTEDRAFT_155717  86 6.2 
comp66643_c0_seq1|m.89254 40S ribosomal protein 86 16.3 
comp58649_c0_seq1|m.26090 hypothetical protein CAPTEDRAFT_221456  85 31 
comp61692_c0_seq1|m.38593 ---NA--- 85 3.8 
comp64109_c2_seq1|m.54849 hypothetical protein [Aquimarina sp. RZW4-3-2] 85 13.1 
comp64953_c0_seq1|m.63914 PREDICTED: serine/threonine-protein kinase OSR1  85 4.7 
comp57988_c0_seq1|m.24401 PREDICTED: asparagine synthetase [glutamine-hydrolyzing]  84 6.3 
comp60132_c0_seq1|m.31143 PREDICTED: thioredoxin domain-containing protein 17-like  84 22 
comp61689_c1_seq1|m.38584 hypothetical protein CAPTEDRAFT_157303  84 5.5 
comp64104_c1_seq10|m.54803 hypothetical protein CAPTEDRAFT_199974  84 5.6 
comp66714_c0_seq1|m.89309 PREDICTED: proteasome subunit beta type-3-like  84 15.3 
comp31828_c0_seq1|m.5268 CYC_PECGURecName: Full=Cytochrome c 83 27.6 
comp43053_c0_seq1|m.8757 hypothetical protein LOTGIDRAFT_105848, partial  82 14.3 
comp50284_c0_seq1|m.13392 PREDICTED: enoyl-CoA hydratase, mitochondrial-like  82 16.3 
comp57279_c0_seq1|m.22919 ---NA--- 82 7.6 
comp61986_c0_seq1|m.39973 Phosphatidylinositol transfer protein alpha isoform  82 26 
comp62957_c0_seq1|m.45871 PREDICTED: serine--tRNA ligase, cytoplasmic  82 4.1 
comp48409_c0_seq1|m.11901 hypothetical protein CAPTEDRAFT_182903  81 8.1 
comp50529_c0_seq1|m.13595 proteasome subunit N3, partial [Haliotis discus discus] 81 6.2 
comp61860_c0_seq1|m.39445 PREDICTED: V-type proton ATPase subunit C isoform X3 81 6.6 
comp63153_c3_seq1|m.47264 PREDICTED: m7GpppX diphosphatase-like  81 5 
comp65392_c1_seq16|m.69725 hypothetical protein CAPTEDRAFT_154474  81 10.8 
comp66476_c1_seq15|m.86774 hypothetical protein CAPTEDRAFT_179772  81 16.5 
comp56544_c0_seq1|m.21230 ---NA--- 80 21.3 
comp58685_c0_seq2|m.26162 hypothetical protein CAPTEDRAFT_171855  80 10.2 
comp60361_c0_seq1|m.31910 hypothetical protein LOTGIDRAFT_203722  80 9.9 
comp61599_c0_seq1|m.37730 PREDICTED: ruvB-like 2 isoform X1  80 10.1 
comp62593_c0_seq8|m.43460 hypothetical protein CAPTEDRAFT_184257  80 7.3 
comp65267_c1_seq1|m.67568 ---NA--- 80 14.4 
comp66411_c0_seq1|m.85575 hypothetical protein CAPTEDRAFT_229048  80 0.7 
comp30536_c0_seq1|m.4978 ribosomal protein rpl18a [Arenicola marina] 79 18.6 
comp39088_c0_seq1|m.7213 PREDICTED: uncharacterized protein LOC101847669 isoform X2  79 35 
comp61637_c1_seq22|m.37873 PREDICTED: deoxyuridine 5'-triphosphate nucleotidohydrolase 79 19.6 
comp99781_c0_seq1|m.93432 PREDICTED: cytoplasmic dynein 1 heavy chain 1-like  79 15.2 
comp55626_c0_seq1|m.19640 hypothetical protein TRIADDRAFT_31903  78 3.6 
comp64365_c0_seq10|m.56809 PREDICTED: kinesin light chain isoform X7  78 2.9 
comp65192_c0_seq10|m.66722 Twinfilin-2  78 28.3 
comp66663_c0_seq1|m.89274 hypothetical protein HELRODRAFT_108067, partial  78 16.3 
comp22204_c0_seq1|m.3103 PREDICTED: eukaryotic translation initiation factor 3 subunit D 77 3.3 
comp49342_c0_seq1|m.12631 PREDICTED: adenylyl cyclase-associated protein 2-like 77 4.8 
comp51888_c0_seq2|m.14911 PREDICTED: myelin expression factor 2-like  77 10.5 
comp53766_c0_seq1|m.17046 hypothetical protein CAPTEDRAFT_158105  77 3.7 
comp57090_c0_seq1|m.22412 PREDICTED: sarcoplasmic calcium-binding protein 77 8.7 
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comp58151_c0_seq1|m.24880 PREDICTED: GTP-binding nuclear protein Ran 77 34.3 
comp60919_c0_seq1|m.34267 omega class glutathione-s-transferase  77 21.5 
comp63103_c2_seq1|m.47000 PREDICTED: muscle M-line assembly protein unc-89  77 10.7 
comp64055_c1_seq14|m.54327 hypothetical protein HELRODRAFT_185576  77 6.3 
comp19003_c0_seq1|m.2497 hypothetical protein CAPTEDRAFT_223757 76 12 
comp40900_c0_seq1|m.7883 hypothetical protein CAPTEDRAFT_219862  76 5.8 
comp45787_c0_seq1|m.10365 PREDICTED: constitutive coactivator of PPAR-gamma-like 76 2.2 
comp57782_c6_seq19|m.23998 hypothetical protein CAPTEDRAFT_21289  76 14.1 
comp58359_c0_seq1|m.25480 hypothetical protein LOTGIDRAFT_189380  76 11 
comp61219_c0_seq1|m.35640 hypothetical protein CAPTEDRAFT_162465  76 5.1 
comp61479_c0_seq1|m.37012 alternative oxidase, mitochondrial-like  76 4.9 
comp30241_c0_seq1|m.4912 PREDICTED: retinal dehydrogenase 2-like isoform X1  75 32.4 
comp49056_c0_seq1|m.12406 PREDICTED: F-actin-capping protein subunit beta isoform X1  75 8 
comp52116_c0_seq1|m.15090 PREDICTED: D-3-phosphoglycerate dehydrogenase-like  75 14.9 
comp62150_c2_seq13|m.40953 hypothetical protein CAPTEDRAFT_150550  75 17.2 
comp12794_c0_seq1|m.1298 PREDICTED: hydroxysteroid dehydrogenase-like protein 2  74 7.8 
comp15669_c0_seq1|m.1915 H3 histone [Xenopus tropicalis] 74 6.7 
comp21384_c0_seq1|m.2908 PREDICTED: far upstream element-binding protein 1-like 74 4.1 
comp28114_c0_seq1|m.4451 hypothetical protein [Phragmatopoma lapidosa] 74 11.8 
comp46518_c0_seq1|m.10769 PREDICTED: protein RCC2-like  74 11.4 
comp59615_c0_seq1|m.29078 PREDICTED: glutathione S-transferase 1-like 74 14.1 
comp60442_c2_seq2|m.32164 PREDICTED: carbonyl reductase [NADPH] 1-like  74 28.6 
comp65887_c0_seq7|m.76680 palmitoyl-protein thioesterase 1-like [Exaiptasia pallida] 74 4.6 
comp66579_c0_seq1|m.88777 PREDICTED: titin-like isoform X5  74 2.7 
comp66747_c0_seq1|m.89327 hypothetical protein CAPTEDRAFT_167909  74 8.6 
comp66908_c0_seq1|m.89439 PREDICTED: cytochrome c oxidase assembly factor 3 74 17.9 
comp15307_c0_seq1|m.1855 manganese superoxide dismutase [Alitta succinea] 73 9.3 
comp62198_c1_seq1|m.41238 PREDICTED: sorting nexin-2-like  73 6.4 
comp64647_c0_seq1|m.60005 PREDICTED: tyrosine--tRNA ligase, cytoplasmic-like  73 6.8 
comp65332_c1_seq1|m.68588 hypothetical protein HELRODRAFT_192354  73 6.4 
comp66461_c0_seq11|m.86378 PREDICTED: neutral alpha-glucosidase AB-like isoform X2  73 5.8 
comp14818_c0_seq1|m.1755 hypothetical protein CAPTEDRAFT_161186  72 16.5 
comp38686_c0_seq1|m.7077 40S ribosomal protein 72 16.4 
comp55643_c0_seq2|m.19686 cilia and flagella associated protein 52 L homeolog 72 5.1 
comp56377_c0_seq3|m.20983 mussel byssus collagen-like protein 3 72 8 
comp56416_c0_seq1|m.21039 PREDICTED: nuclear pore complex protein Nup50 72 2.5 
comp61145_c2_seq2|m.35318 hypothetical protein CAPTEDRAFT_224002  72 9.1 
comp64604_c1_seq1|m.59710 PREDICTED: thymidylate kinase-like  72 8.5 
comp61891_c0_seq1|m.39580 PREDICTED: hydroxyacyl-coenzyme A dehydrogenase 71 23.3 
comp64474_c4_seq10|m.58512 PREDICTED: ubiquitin carboxyl-terminal hydrolase 5 71 4.8 
comp64568_c0_seq2|m.59290 hypothetical protein CAPTEDRAFT_169883  71 8 
comp65267_c1_seq2|m.67572 ---NA--- 71 16.2 
comp10427_c0_seq1|m.763 hypothetical protein CAPTEDRAFT_118513  70 7.3 
comp13860_c0_seq1|m.1574 vasa [Alitta virens] 70 5 
comp25331_c1_seq1|m.3842 PREDICTED: peptidyl-prolyl cis-trans isomerase FKBP3  70 11 
comp26191_c0_seq1|m.4042 PREDICTED: UV excision repair protein RAD23 homolog B 70 9.7 
comp27895_c0_seq1|m.4406 PREDICTED: proteasome subunit beta type-2-like  70 14.3 
comp38126_c0_seq1|m.6866 Eukaryotic initiation factor 4A-III  70 6.3 
comp43677_c0_seq1|m.9015 hypothetical protein CAPTEDRAFT_93247  70 8.4 
comp44001_c0_seq1|m.9204 PREDICTED: ribulose-phosphate 3-epimerase-like  70 8.3 
comp45175_c0_seq1|m.9973 hypothetical protein CAPTEDRAFT_164427  70 13.9 
comp48839_c1_seq1|m.12221 hypothetical protein HELRODRAFT_184984  70 16.2 
comp50563_c0_seq2|m.13636 protoflagellar creatine kinase 70 11.6 
comp51495_c0_seq1|m.14586 small nuclear ribonucleoprotein Sm D2  70 22.7 
comp54338_c0_seq3|m.17878 PREDICTED: microtubule-associated protein futsch-like  70 3.1 
comp54583_c1_seq1|m.18214 PREDICTED: COP9 signalosome complex subunit 4-like  70 7.2 
comp65391_c0_seq1|m.69685 hypothetical protein CAPTEDRAFT_164502  70 6 
comp80346_c0_seq1|m.91469 PREDICTED: cAMP-dependent protein kinase type II 70 10.1 
comp14922_c0_seq1|m.1775 H2A_SIPNURecName: Full=Histone H2A 69 11.5 
comp54958_c0_seq1|m.18690 hypothetical protein CAPTEDRAFT_175529  69 14.2 
comp59180_c0_seq1|m.27627 hypothetical protein CAPTEDRAFT_163351  69 8.7 
comp62979_c1_seq16|m.46035 hypothetical protein CAPTEDRAFT_154115  69 6.3 
comp64019_c0_seq1|m.53852 hypothetical protein CAPTEDRAFT_161938  69 13 
comp65489_c1_seq2|m.71181 PREDICTED: coatomer subunit delta-like  69 11.1 
comp66117_c0_seq1|m.80298 hypothetical protein CAPTEDRAFT_164650  69 6.8 
comp66380_c3_seq9|m.85119 PREDICTED: glycolipid transfer protein-like  69 17.8 
comp66384_c2_seq1|m.85135 hypothetical protein HELRODRAFT_159767  69 15.8 
comp66717_c0_seq1|m.89311 PREDICTED: actin-related protein 2/3 complex subunit 5 69 14.1 
comp66923_c0_seq1|m.89445 hypothetical protein CAPTEDRAFT_219850  69 22.5 
comp28791_c0_seq1|m.4605 PREDICTED: NADH dehydrogenase [ubiquinone] 68 13.5 
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comp43255_c0_seq1|m.8827 hypothetical protein CAPTEDRAFT_181863  68 7.7 
comp53695_c0_seq1|m.16981 ---NA--- 68 21.3 
comp53724_c0_seq1|m.17010 PREDICTED: zonadhesin isoform X3  68 3.6 
comp60603_c5_seq10|m.32841 PREDICTED: riboflavin-binding protein-like  68 9.8 
comp63507_c0_seq1|m.49895 PREDICTED: programmed cell death protein 6-like isoform X2  68 10.5 
comp64041_c1_seq10|m.54143 hypothetical protein CAPTEDRAFT_93073, partial  68 8.1 
comp64839_c0_seq1|m.62902 putative annexin, partial [Amblyomma aureolatum] 68 9 
comp64874_c0_seq3|m.63281 hypothetical protein HELRODRAFT_181747  68 10.6 
comp65586_c0_seq5|m.73098 hypothetical protein HELRODRAFT_175128  68 11.5 
comp20542_c0_seq1|m.2774 hypothetical protein [Phragmatopoma lapidosa] 67 19.6 
comp54597_c0_seq1|m.18231 hypothetical protein CAPTEDRAFT_221456  67 31.6 
comp59510_c0_seq1|m.28638 hypothetical protein CAPTEDRAFT_156453  67 8.8 
comp60934_c0_seq3|m.34335 hypothetical protein HELRODRAFT_115955  67 12.5 
comp63317_c1_seq1|m.48446 ---NA--- 67 12 
comp63637_c0_seq1|m.50821 putative calponin, partial [Triatoma dimidiata] 67 23.3 
comp64433_c0_seq1|m.58117 PREDICTED: nucleolar protein 58-like  67 2.3 
comp65262_c2_seq10|m.67537 hypothetical protein CAPTEDRAFT_175923  67 8 
comp66439_c0_seq3|m.85869 hypothetical protein CAPTEDRAFT_225175  67 2.2 
comp66748_c0_seq1|m.89328 hypothetical protein HELRODRAFT_176222  67 13.8 
comp6898_c0_seq1|m.481 Cniwi [Podocoryna carnea] 67 10.6 
comp50270_c0_seq1|m.13386 PREDICTED: replication protein A 32 kDa subunit-like  66 4.7 
comp56661_c0_seq2|m.21412 pl10 [Alitta virens] 66 5.5 
comp58071_c0_seq2|m.24601 cathepsin B [Branchiostoma belcheri tsingtauense] 66 7.4 
comp63300_c0_seq1|m.48273 PREDICTED: nucleoprotein TPR-like  66 2.5 
comp64273_c2_seq1|m.56146 charged multivesicular body protein 5-like  66 10.6 
comp65275_c0_seq3|m.67785 PREDICTED: mitotic checkpoint protein BUB3-like  66 12 
comp66442_c0_seq10|m.85966 PREDICTED: IgGFc-binding protein-like 66 1 
comp25467_c0_seq1|m.3872 PREDICTED: argininosuccinate lyase  65 4.3 
comp46184_c0_seq1|m.10590 Si:dkey-31f5.7 protein 65 11.7 
comp48194_c0_seq1|m.11738 hypothetical protein LOTGIDRAFT_205986  65 2.8 
comp51905_c0_seq1|m.14923 PREDICTED: actin-related protein 2/3 complex subunit 3 65 14 
comp52705_c0_seq1|m.15677 ---NA--- 65 5.9 
comp34879_c0_seq1|m.5990 ---NA--- 64 14 
comp50392_c0_seq1|m.13488 PREDICTED: UPF0587 protein v1g245604-like  64 8.4 
comp58802_c0_seq3|m.26495 PREDICTED: uncharacterized protein LOC109463086  64 7.7 
comp61098_c0_seq1|m.35154 PREDICTED: glutathionyl-hydroquinone reductase YqjG 64 4.4 
comp61105_c1_seq1|m.35163 hypothetical protein CAPTEDRAFT_158666  64 3 
comp61148_c2_seq12|m.35338 PREDICTED: cdc42 homolog  64 13.5 
comp62893_c0_seq1|m.45544 PREDICTED: mucin-17 isoform X10  64 2 
comp63910_c1_seq11|m.52987 PREDICTED: coiled-coil domain-containing protein 124  64 6.6 
comp66653_c0_seq1|m.89268 ribosomal protein rpl30 [Eurythoe complanata] 64 11.4 
comp43993_c0_seq1|m.9192 PREDICTED: vesicle-associated membrane protein 2 63 16.6 
comp44851_c0_seq1|m.9773 PREDICTED: mitogen-activated protein kinase 1-like 63 10.2 
comp48244_c0_seq2|m.11771 seminal fluid protein [Nilaparvata lugens] 63 24.2 
comp58557_c0_seq1|m.25934 PREDICTED: actin-related protein 2/3 complex subunit 2 63 5.9 
comp59612_c0_seq1|m.29073 hypothetical protein LOTGIDRAFT_128209  63 14.7 
comp62539_c1_seq1|m.43167 PREDICTED: isocitrate dehydrogenase [NAD] subunit alpha 63 11.3 
comp63200_c0_seq1|m.47573 hypothetical protein HELRODRAFT_62886  63 5.5 
comp63722_c0_seq10|m.51493 hypothetical protein CAPTEDRAFT_223312  63 8.2 
comp64204_c5_seq2|m.55662 PREDICTED: acyl carrier protein, mitochondrial isoform X1 63 15.1 
comp65267_c1_seq3|m.67573 LOW QUALITY PROTEIN: neuroblast differentiation-associated  63 2 
comp66476_c1_seq10|m.86761 Bifunctional 3'-phosphoadenosine 5'-phosphosulfate synthase; 63 7.2 
comp10366_c0_seq1|m.742 PREDICTED: nuclear pore membrane glycoprotein 210-like  62 23.9 
comp14680_c0_seq1|m.1726 ---NA--- 62 2 
comp43890_c0_seq1|m.9106 putative 40S ribosomal protein RPS16 62 22 
comp56885_c0_seq1|m.22045 PREDICTED: methionine adenosyltransferase 2 subunit beta 62 11.7 
comp56907_c0_seq1|m.22092 PREDICTED: glutathione S-transferase kappa 1 62 13.8 
comp60429_c0_seq1|m.32122 hypothetical protein CAPTEDRAFT_173477  62 6.8 
comp66050_c0_seq1|m.79236 hypothetical protein CAPTEDRAFT_226009  62 13.6 
comp56487_c0_seq1|m.21124 PREDICTED: methylcrotonoyl-CoA carboxylase beta chain 61 7.7 
comp60824_c2_seq7|m.33832 hypothetical protein OCBIM_22020643mg  61 15.5 
comp62632_c0_seq1|m.43767 hypothetical protein CAPTEDRAFT_225673  61 8.6 
comp63762_c2_seq10|m.51789 PREDICTED: uncharacterized protein LOC108915818 isoform X1  61 10.5 
comp57064_c0_seq1|m.22354 hypothetical protein CAPTEDRAFT_18677  60 15.9 
comp57855_c1_seq2|m.24133 ---NA--- 60 4.7 
comp58532_c0_seq1|m.25887 hypothetical protein LOTGIDRAFT_198201  60 15.2 
comp58782_c0_seq1|m.26455 PREDICTED: tetraspanin-9-like  60 4.4 
comp61183_c0_seq10|m.35492 PREDICTED: protein arginine N-methyltransferase 6-like  60 19.6 
comp61600_c0_seq1|m.37732 hypothetical protein CAPTEDRAFT_18698  60 11.2 
comp62079_c0_seq1|m.40497 PREDICTED: glycine--tRNA ligase-like  60 9.4 
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comp64903_c0_seq1|m.63494 hypothetical protein CAPTEDRAFT_152017  60 2.6 
comp65634_c2_seq10|m.73754 PREDICTED: carbonyl reductase [NADPH] 1  60 6.2 
comp66665_c0_seq1|m.89275 PREDICTED: nascent polypeptide-associated complex  60 6.1 
comp12865_c0_seq1|m.1318 hypothetical protein OCBIM_22032592mg  59 12.3 
comp14236_c0_seq1|m.1655 hypothetical protein CAPTEDRAFT_226268  59 4.2 
comp50211_c0_seq2|m.13321 PREDICTED: serine/threonine-protein phosphatase  59 8 
comp53959_c0_seq1|m.17312 PREDICTED: histone H1, gonadal-like  59 20.4 
comp60419_c2_seq10|m.32095 hypothetical protein LOTGIDRAFT_233583  59 12.1 
comp60902_c0_seq1|m.34183 ---NA--- 59 9.6 
comp62254_c0_seq1|m.41544 ---NA--- 59 5.9 
comp64687_c0_seq1|m.61139 PREDICTED: PDZ domain-containing protein GIPC1-like  59 6.7 
comp64929_c5_seq1|m.63759 hypothetical protein LOTGIDRAFT_217219  59 20.2 
comp66514_c3_seq10|m.87553 PREDICTED: ATP-dependent RNA helicase DDX19A-like  59 2.2 
comp19995_c0_seq1|m.2679 ribosomal protein rpl17 [Arenicola marina] 58 8.3 
comp24905_c0_seq1|m.3752 hypothetical protein g.8806 [Clastoptera arizonana] 58 15.7 
comp51904_c0_seq1|m.14918 PREDICTED: protein ERGIC-53-like isoform X2  58 14.3 
comp53711_c0_seq4|m.16994 PREDICTED: uncharacterized protein LOC109476338 58 6.5 
comp59131_c0_seq1|m.27485 hypothetical protein LOTGIDRAFT_110559  58 4.3 
comp59452_c0_seq1|m.28504 hypothetical protein CAPTEDRAFT_92948  58 15.5 
comp61675_c1_seq2|m.38550 P43 [Eisenia andrei] 58 13.5 
comp63110_c0_seq1|m.47022 hypothetical protein HELRODRAFT_184858  58 11.9 
comp63182_c0_seq5|m.47433 PREDICTED: X-ray repair cross-complementing protein 5  58 3.8 
comp64382_c0_seq1|m.57361 PREDICTED: translational activator GCN1-like  58 1.8 
comp66242_c2_seq2|m.82808 hypothetical protein CAPTEDRAFT_151195  58 5.7 
comp66841_c0_seq1|m.89408 hypothetical protein CAPTEDRAFT_224067  58 3.3 
comp67238_c0_seq1|m.89493 Tubulin beta-2C chain [Schistosoma japonicum] 58 28 
comp49836_c0_seq1|m.13039 PREDICTED: programmed cell death protein 4-like  57 2.8 
comp51637_c0_seq1|m.14756 hypothetical protein HELRODRAFT_157245  57 9.8 
comp54607_c0_seq1|m.18245 omega class glutathione S-transferase [Alitta succinea] 57 11.9 
comp58128_c0_seq1|m.24814 hypothetical protein CAPTEDRAFT_162472  57 4.1 
comp63104_c0_seq1|m.47012 PREDICTED: enoyl-CoA delta isomerase 2 57 5.6 
comp63340_c0_seq2|m.48629 PREDICTED: dihydrolipoyllysine-residue succinyltransferase  57 3.7 
comp63441_c4_seq1|m.49486 hypothetical protein CAPTEDRAFT_146340  57 9 
comp63961_c1_seq2|m.53390 hypothetical protein CAPTEDRAFT_208996  57 13 
comp64043_c0_seq13|m.54179 hypothetical protein CAPTEDRAFT_150478  57 5.2 
comp64147_c0_seq1|m.55256 PREDICTED: S-formylglutathione hydrolase-like  57 11.1 
comp64357_c0_seq1|m.56654 PREDICTED: asparagine synthetase [glutamine-hydrolyzing] 57 4 
comp65847_c4_seq1|m.76247 PREDICTED: PDZ and LIM domain protein 3 isoform X2  57 6.9 
comp66286_c0_seq11|m.83605 PREDICTED: aldehyde dehydrogenase family 16 member 57 3.8 
comp66630_c0_seq1|m.89242 PREDICTED: 40S ribosomal protein S11-like  57 25.3 
comp41862_c0_seq1|m.8265 PREDICTED: importin subunit beta-1-like  56 8.5 
comp51345_c1_seq1|m.14429 hypothetical protein CAPTEDRAFT_19821  56 4.3 
comp52639_c0_seq1|m.15598 hypothetical protein CAPTEDRAFT_177499  56 1.9 
comp54552_c0_seq1|m.18166 PREDICTED: heterogeneous nuclear ribonucleoprotein H  56 8.7 
comp54824_c0_seq1|m.18482 PREDICTED: heterogeneous nuclear ribonucleoprotein U 56 4.6 
comp57551_c0_seq1|m.23578 PREDICTED: dihydrofolate reductase-like isoform X1  56 7.7 
comp58912_c1_seq1|m.26791 hypothetical protein CAPTEDRAFT_172925  56 6.1 
comp59882_c0_seq7|m.30163 PREDICTED: probable caffeoyl-CoA O-methyltransferase 2  56 17.1 
comp61895_c3_seq1|m.39606 PREDICTED: 2-oxoisovalerate dehydrogenase subunit alpha 56 2.8 
comp63037_c1_seq1|m.46496 Structure Of A Glutamate Receptor Ligand Binding Core  56 6.3 
comp63961_c3_seq1|m.53392 PREDICTED: prefoldin subunit 1  56 18.3 
comp65392_c1_seq14|m.69723 PREDICTED: alpha-N-acetylgalactosaminidase  56 6.7 
comp65547_c1_seq10|m.72223 PREDICTED: glyoxalase domain-containing protein 4  56 12.4 
comp66708_c0_seq1|m.89306 PREDICTED: eukaryotic translation initiation factor 3 subunit K 56 19.8 
comp33357_c0_seq1|m.5631 hypothetical protein CAPTEDRAFT_149447  55 17.9 
comp40495_c0_seq2|m.7726 PREDICTED: cullin-associated NEDD8-dissociated protein 1 55 8.1 
comp56372_c0_seq1|m.20967 hypothetical protein CAPTEDRAFT_202714  55 7.7 
comp58806_c1_seq1|m.26503 PREDICTED: xaa-Pro dipeptidase-like  55 6.3 
comp59877_c0_seq1|m.30145 ---NA--- 55 10 
comp62027_c0_seq13|m.40212 hypothetical protein CAPTEDRAFT_224300  55 2.5 
comp62653_c2_seq1|m.43934 hypothetical protein CAPTEDRAFT_162182  55 3.7 
comp64336_c7_seq1|m.56569 hypothetical protein CAPTEDRAFT_149382  55 7.5 
comp65249_c0_seq1|m.67405 PREDICTED: uncharacterized protein LOC106475632  55 8.4 
comp65916_c0_seq1|m.77135 hypothetical protein CAPTEDRAFT_182806  55 4.3 
comp51570_c0_seq1|m.14663 PREDICTED: CKLF-like MARVEL  54 10.4 
comp53554_c1_seq10|m.16765 hypothetical protein CAPTEDRAFT_153854  54 4.6 
comp58753_c0_seq18|m.26372 Serine/arginine-rich splicing factor 1 54 8.6 
comp59525_c0_seq1|m.28684 hypothetical protein CAPTEDRAFT_163132  54 2.7 
comp62305_c0_seq1|m.41724 PREDICTED: tumor protein D52-like isoform X9  54 4.1 
comp63112_c4_seq3|m.47039 ---NA--- 54 4.2 
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comp66451_c1_seq10|m.86113 PREDICTED: E3 ubiquitin-protein ligase HUWE1-like  54 2.1 
comp66458_c0_seq1|m.86324 Titin  54 1.3 
comp39130_c0_seq1|m.7241 Sarcoplasmic reticulum histidine-rich calcium-binding protein  53 7.6 
comp51042_c0_seq1|m.14070 PREDICTED: prefoldin subunit 6-like  53 15.2 
comp55524_c0_seq1|m.19483 hypothetical protein CAPTEDRAFT_223709  53 4.9 
comp58099_c0_seq7|m.24728 PREDICTED: serine/arginine-rich splicing factor 6  53 7.3 
comp62404_c0_seq1|m.42358 PREDICTED: rootletin-like isoform X2  53 1.2 
comp62986_c1_seq1|m.46142 hypothetical protein CAPTEDRAFT_21345  53 4.7 
comp64326_c0_seq2|m.56515 PREDICTED: ruvB-like 1  53 8.3 
comp65298_c1_seq1|m.68190 Glutamate dehydrogenase, mitochondrial  53 12.2 
comp66376_c1_seq29|m.85073 Na-dependent Cl/HCO3 exchanger  53 3 
comp43865_c0_seq1|m.9091 hypothetical protein CAPTEDRAFT_174646  52 7.6 
comp43926_c0_seq1|m.9142 hypothetical protein CAPTEDRAFT_221455  52 13.3 
comp48067_c0_seq1|m.11635 PREDICTED: vacuolar protein sorting-associated protein 29  52 5.4 
comp49383_c0_seq1|m.12668 PREDICTED: cytoplasmic aconitate hydratase-like isoform X1  52 7.1 
comp53864_c0_seq1|m.17200 PREDICTED: probable glutathione S-transferase parC  52 7.5 
comp61771_c2_seq17|m.39094 hypothetical protein CAPTEDRAFT_18438  52 19.6 
comp62676_c1_seq1|m.44113 eukaryotic translation initiation factor 4 gamma 1 isoform A  52 1.4 
comp63357_c0_seq1|m.48701 hypothetical protein CAPTEDRAFT_229226  52 6 
comp64392_c2_seq12|m.57840 putative nucleoplasmin, partial [Phragmatopoma lapidosa] 52 7.8 
comp64774_c0_seq2|m.62224 PREDICTED: NADPH-dependent aldehyde reductase ARI1 52 6.3 
comp65711_c1_seq1|m.74807 PREDICTED: dnaJ homolog subfamily A member 2 52 7.3 
comp20099_c0_seq1|m.2700 PREDICTED: 60S ribosomal protein L27a-like  51 12.7 
comp45230_c0_seq1|m.9998 PREDICTED: TOM1-like protein 2 isoform X2  51 2.2 
comp53895_c0_seq1|m.17232 hypothetical protein LOTGIDRAFT_207312  51 5.6 
comp55407_c0_seq2|m.19313 PREDICTED: calpain-5-like isoform X4  51 4.5 
comp59334_c0_seq1|m.28212 mechanosensory protein 2-like  51 9 
comp62844_c0_seq1|m.45223 PREDICTED: transforming growth factor-beta-induced protein  51 3 
comp64718_c0_seq2|m.61592 PREDICTED: dolichyl-diphosphooligosaccharide 51 3.5 
comp66249_c0_seq1|m.82890 PREDICTED: RNA-binding protein 1-like  51 7.7 
comp15384_c0_seq1|m.1877 S-methyl-5'-thioadenosine phosphorylase-like 50 6.6 
comp26469_c0_seq1|m.4114 PREDICTED: translocon-associated protein subunit gamma 50 5.4 
comp28630_c0_seq1|m.4584 hypothetical protein LOTGIDRAFT_183389  50 12.6 
comp32230_c0_seq2|m.5378 PREDICTED: uncharacterized protein LOC106159909  50 7.6 
comp42711_c0_seq1|m.8609 PREDICTED: eukaryotic translation initiation factor 3 subunit G 50 4.9 
comp48826_c0_seq1|m.12209 hypothetical protein CAPTEDRAFT_223181  50 9.1 
comp50009_c0_seq1|m.13172 PREDICTED: putative uncharacterized oxidoreductase YDR541C  50 2.6 
comp51834_c0_seq1|m.14884 myosin II heavy chain 50 15.6 
comp58296_c4_seq13|m.25236 hypothetical protein CAPTEDRAFT_154305  50 9.5 
comp60933_c0_seq1|m.34333 PREDICTED: V-type proton ATPase subunit F  50 9.7 
comp62240_c2_seq1|m.41458 hypothetical protein CAPTEDRAFT_20550  50 5.6 
comp63164_c3_seq19|m.47349 hypothetical protein CAPTEDRAFT_178947  50 11 
comp63169_c0_seq1|m.47363 hypothetical protein LOTGIDRAFT_222012  50 14.3 
comp65389_c0_seq1|m.69670 hypothetical protein CAPTEDRAFT_225103  50 3 
comp66364_c2_seq10|m.84904 hypothetical protein CAPTEDRAFT_224567  50 17.6 
comp40155_c0_seq1|m.7595 eukaryotic translation elongation factor 1 beta 2-like  49 32.9 
comp52792_c0_seq1|m.15793 hypothetical protein CAPTEDRAFT_135719  49 4 
comp54566_c0_seq2|m.18186 uncharacterized protein LOC110065917  49 8 
comp58175_c0_seq1|m.24957 PREDICTED: uncharacterized protein LOC100371179  49 2.1 
comp59091_c0_seq4|m.27330 PREDICTED: arginine--tRNA ligase, cytoplasmic 49 8.5 
comp59417_c0_seq1|m.28391 PREDICTED: STE20-like serine/threonine-protein kinase   49 2.5 
comp63044_c0_seq39|m.46525 hypothetical protein CAPTEDRAFT_223229  49 1.8 
comp64596_c2_seq12|m.59572 PREDICTED: putative pre-mRNA-splicing factor 49 2.4 
comp64987_c0_seq1|m.64243 hypothetical protein CAPTEDRAFT_156336  49 9.2 
comp65674_c0_seq10|m.74245 mitogen-activated protein kinase kinase 1  49 2.7 
comp25337_c0_seq1|m.3843 hypothetical protein CAPTEDRAFT_169846  48 5.4 
comp48376_c0_seq1|m.11858 PREDICTED: acid ceramidase-like  48 8.4 
comp56477_c0_seq1|m.21115 PREDICTED: ribonuclease UK114-like  48 13.9 
comp59658_c0_seq1|m.29160 hypothetical protein CAPTEDRAFT_120934, partial  48 2.2 
comp60437_c0_seq1|m.32146 Sulfatase-modifying factor 1  48 14.6 
comp60551_c0_seq3|m.32645 calcineurin A [Haliotis discus discus] 48 24 
comp61580_c0_seq1|m.37624 PREDICTED: succinate dehydrogenase [ubiquinone]  48 2.9 
comp64232_c0_seq1|m.55854 hypothetical protein MUCCIDRAFT_153577  48 33 
comp65065_c7_seq1|m.65016 hypothetical protein CAPTEDRAFT_202714  48 8.2 
comp89337_c0_seq1|m.92535 ---NA--- 48 23.9 
comp100391_c0_seq1|m.93482 hypothetical protein CAPTEDRAFT_148808  47 14.7 
comp50873_c0_seq2|m.13868 PREDICTED: ADP-ribosylation factor-like protein 8B  47 4.6 
comp53942_c0_seq1|m.17287 PREDICTED: DCN1-like protein 1  47 5.3 
comp56813_c0_seq1|m.21893 PREDICTED: COP9 signalosome complex subunit 1 isoform X1  47 2 
comp59453_c0_seq1|m.28508 PREDICTED: transmembrane emp24 domain-containing protein  47 3 
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comp61531_c0_seq1|m.37465 hypothetical protein CAPTEDRAFT_172235  47 4.9 
comp62710_c0_seq1|m.44271 hypothetical protein CAPTEDRAFT_222926  47 2.4 
comp62848_c0_seq1|m.45270 hypothetical protein CAPTEDRAFT_222018  47 1.5 
comp64532_c0_seq1|m.58895 PREDICTED: cytosolic non-specific dipeptidase-like isoform X1  47 5.8 
comp65141_c0_seq2|m.66135 Electron transfer flavoprotein-ubiquinone oxidoreductase 47 3.2 
comp66336_c2_seq1|m.84414 PREDICTED: arsenite methyltransferase-like  47 4.8 
comp23088_c0_seq1|m.3313 PREDICTED: eukaryotic translation initiation factor 3 subunit F 46 3.8 
comp48895_c0_seq1|m.12267 barrier-to-autointegration factor-like [Orbicella faveolata] 46 12.1 
comp50029_c2_seq1|m.13191 PREDICTED: cytoplasmic dynein 1 heavy chain 1-like isoform X2  46 4 
comp53577_c0_seq1|m.16802 hypothetical protein CAPTEDRAFT_224229  46 10.5 
comp61549_c1_seq2|m.37509 PREDICTED: protein Mo25-like  46 2.5 
comp63938_c1_seq8|m.53265 hypothetical protein CAPTEDRAFT_164848  46 7.1 
comp65128_c0_seq1|m.65807 PREDICTED: actin-like protein 6B  46 2.3 
comp37031_c0_seq1|m.6462 hypothetical protein HELRODRAFT_71397  45 30.3 
comp54538_c0_seq1|m.18142 ---NA--- 45 18.1 
comp58027_c0_seq11|m.24486 hypothetical protein CAPTEDRAFT_110695  45 5.5 
comp58322_c4_seq1|m.25379 hypothetical protein CAPTEDRAFT_199607  45 10.6 
comp58786_c7_seq3|m.26458 PREDICTED: high mobility group protein HMGI-C-like  45 10.7 
comp63221_c0_seq4|m.47778 PREDICTED: secretory carrier-associated membrane protein 45 13.5 
comp65629_c1_seq1|m.73667 hypothetical protein CAPTEDRAFT_170203  45 3 
comp19854_c0_seq1|m.2653 PREDICTED: histone-arginine methyltransferase CARMER 44 4.2 
comp40654_c0_seq1|m.7795 PREDICTED: ubiquitin-conjugating enzyme E2 G1-like  44 9.2 
comp42468_c0_seq1|m.8521 ribosomal protein rpl8 [Eurythoe complanata] 44 10.2 
comp43955_c0_seq1|m.9158 PREDICTED: threonine--tRNA ligase, cytoplasmic-like isoform X2  44 3.8 
comp44124_c1_seq1|m.9307 PREDICTED: NEDD8-conjugating enzyme Ubc12  44 13.2 
comp49381_c0_seq1|m.12667 PREDICTED: prefoldin subunit 2-like  44 6 
comp54535_c0_seq1|m.18122 Long-chain specific acyl-CoA dehydrogenase, mitochondrial  44 9.3 
comp58634_c0_seq1|m.26060 PREDICTED: tripeptidyl-peptidase 2-like  44 1 
comp58662_c0_seq1|m.26109 PREDICTED: eukaryotic translation initiation factor 5B  44 1.7 
comp58980_c0_seq1|m.27021 ---NA--- 44 1.8 
comp59073_c0_seq1|m.27292 hypothetical protein CAPTEDRAFT_21201  44 9 
comp60885_c1_seq2|m.34072 PREDICTED: glutamine--fructose-6-phosphate aminotransferase 44 8.3 
comp62895_c0_seq1|m.45549 PREDICTED: uncharacterized protein LOC106154834  44 1.2 
comp63170_c1_seq18|m.47370 hypothetical protein CAPTEDRAFT_219563  44 5.6 
comp63671_c0_seq1|m.51102 ---NA--- 44 11.3 
comp65353_c0_seq1|m.68945 Protein farnesyltransferase/geranylgeranyltransferase 44 5.3 
comp65444_c2_seq25|m.70596 PREDICTED: 3-hydroxyacyl-CoA dehydrogenase type-2-like 44 7.7 
comp65655_c0_seq1|m.74011 hypothetical protein CAPTEDRAFT_220472  44 3.4 
comp65752_c0_seq1|m.75267 PREDICTED: rho GDP-dissociation inhibitor 1-like  44 18.6 
comp66076_c1_seq1|m.79495 hypothetical protein CAPTEDRAFT_180567  44 14.1 
comp41585_c0_seq2|m.8125 PREDICTED: uncharacterized protein LOC105317890  43 7.7 
comp43114_c0_seq1|m.8777 PREDICTED: serine/arginine-rich splicing factor 7-like  43 13.9 
comp51592_c0_seq1|m.14695 PREDICTED: myosin regulatory light chain sqh isoform X2 43 34.1 
comp59064_c0_seq1|m.27222 hypothetical protein CAPTEDRAFT_160246  43 6.5 
comp60177_c0_seq10|m.31298 hypothetical protein CAPTEDRAFT_179690  43 18.7 
comp60474_c0_seq2|m.32285 PREDICTED: pre-mRNA-processing factor 19-like  43 3.4 
comp61707_c0_seq1|m.38668 PREDICTED: alcohol dehydrogenase [NADP(+)] A-like 43 22.7 
comp64653_c0_seq1|m.60030 PREDICTED: NADH-cytochrome b5 reductase 3-like isoform X1  43 8.4 
comp65109_c0_seq1|m.65480 PREDICTED: dehydrogenase/reductase SDR family member 11 43 2.7 
comp65615_c3_seq13|m.73501 PREDICTED: 26S proteasome non-ATPase regulatory subunit 8 43 14.4 
comp19023_c0_seq2|m.2502 PREDICTED: collagen alpha-4(VI) chain-like, partial  42 4.1 
comp19916_c0_seq1|m.2663 60S ribosomal protein L18, partial  42 3.3 
comp44962_c0_seq2|m.9835 hypothetical protein CAPTEDRAFT_169002  42 16.2 
comp45044_c0_seq1|m.9888 PREDICTED: alpha/beta hydrolase domain-containing protein 42 7.6 
comp54188_c0_seq1|m.17669 PREDICTED: cilia- and flagella-associated protein 20  42 11.8 
comp56695_c0_seq3|m.21490 SCO-spondin, partial  42 2.7 
comp56779_c1_seq1|m.21805 hypothetical protein CAPTEDRAFT_188642  42 5 
comp56883_c0_seq1|m.22035 myosin  42 7.2 
comp64699_c0_seq10|m.61292 PREDICTED: dynactin subunit 1-like isoform X6  42 1 
comp65308_c2_seq4|m.68279 PREDICTED: enoyl-CoA delta isomerase 1, mitochondrial  42 5.6 
comp65447_c0_seq1|m.70611 PREDICTED: UDP-glucose:glycoprotein glucosyltransferase 1 42 5.9 
comp65863_c1_seq2|m.76416 hypothetical protein CAPTEDRAFT_181075  42 3.9 
comp66068_c1_seq1|m.79382 PREDICTED: probable beta-D-xylosidase 6  42 1.1 
comp66862_c0_seq1|m.89419 PREDICTED: methionine synthase  42 11.6 
comp11975_c0_seq1|m.1069 ---NA--- 41 4.1 
comp17728_c0_seq1|m.2285 PREDICTED: serine/threonine-protein phosphatase PP1 41 13.9 
comp34210_c0_seq1|m.5830 PREDICTED: ran-specific GTPase-activating protein-like  41 17.2 
comp41080_c0_seq1|m.7943 PREDICTED: U6 snRNA-associated Sm-like protein LSm2  41 9.8 
comp43903_c0_seq1|m.9111 hypothetical protein CAPTEDRAFT_172559  41 6.3 
comp44148_c0_seq1|m.9323 ---NA--- 41 4.1 
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comp54867_c0_seq1|m.18533 PREDICTED: signal recognition particle 19 kDa protein 41 6.8 
comp59523_c0_seq1|m.28680 PREDICTED: kinesin-like protein KIF28P isoform X3  41 3.1 
comp59780_c0_seq1|m.29643 PREDICTED: serine/arginine-rich splicing factor 2-like  41 4.3 
comp59933_c0_seq1|m.30510 PREDICTED: actin-related protein 3  41 7.7 
comp61386_c0_seq2|m.36551 PREDICTED: signal transduction-associated protein 3  41 6.1 
comp61749_c0_seq2|m.38974 hypothetical protein CAPTEDRAFT_220641  41 3.6 
comp61808_c0_seq1|m.39235 ---NA--- 41 11.8 
comp62443_c4_seq1|m.42625 hypothetical protein HELRODRAFT_176905  41 14.9 
comp62514_c0_seq2|m.43078 PREDICTED: YTH domain-containing family protein 1 41 2.8 
comp62914_c3_seq1|m.45663 PREDICTED: FACT complex subunit SPT16  41 2.9 
comp63073_c0_seq1|m.46823 hypothetical protein CAPTEDRAFT_148448  41 2.8 
comp63917_c2_seq1|m.53068 PREDICTED: dehydrogenase/reductase SDR family member 11 41 3.6 
comp65239_c1_seq13|m.67294 hypothetical protein OCBIM_22039301mg  41 9.1 
comp65553_c0_seq1|m.72750 hypothetical protein CAPTEDRAFT_19493  41 4.4 
comp65701_c1_seq10|m.74732 hypothetical protein CAPTEDRAFT_226021  41 4.6 
comp66063_c1_seq13|m.79333 PREDICTED: galactokinase-like  41 5.5 
comp12688_c0_seq1|m.1258 hypothetical protein CAPTEDRAFT_171595  40 13 
comp19266_c0_seq1|m.2559 hypothetical protein CAPTEDRAFT_174152  40 6.7 
comp35711_c0_seq1|m.6177 small nuclear ribonucleoprotein Sm D3-like protein 40 12 
comp41010_c0_seq1|m.7923 PREDICTED: TAR DNA-binding protein 43-like  40 5.6 
comp45013_c0_seq1|m.9869 hypothetical protein CAPTEDRAFT_98373  40 4.9 
comp48998_c0_seq1|m.12363 PREDICTED: microsomal glutathione S-transferase 1-like  40 6.6 
comp54625_c0_seq1|m.18263 PREDICTED: cytochrome b-c1 complex subunit 7-like  40 20 
comp57368_c0_seq2|m.23099 hypothetical protein CAPTEDRAFT_166615  40 4.9 
comp57444_c0_seq10|m.23293 PREDICTED: trans-Golgi network integral membrane protein 1 40 4.9 
comp60012_c0_seq2|m.30740 PREDICTED: ATP-binding cassette sub-family F member 2-like  40 2 
comp60389_c0_seq3|m.32010 PREDICTED: peptidyl-prolyl cis-trans isomerase FKBP4 isoform X1  40 2.9 
comp63114_c0_seq2|m.47057 hypothetical protein CAPTEDRAFT_226422  40 8.1 
comp64695_c0_seq1|m.61201 hypothetical protein BRAFLDRAFT_130501  40 1.6 
comp65474_c0_seq3|m.71009 PREDICTED: coiled-coil domain-containing protein 47-like  40 4.7 
comp65739_c1_seq11|m.75094 uncharacterized protein LOC110049612 [Orbicella faveolata] 40 3.4 
comp66016_c7_seq14|m.78176 hypothetical protein CAPTEDRAFT_221071  40 2.4 
comp66123_c4_seq13|m.80673 PREDICTED: LOW QUALITY PROTEIN: legumain-like  40 4.2 
comp66214_c3_seq1|m.82297 PREDICTED: glycine dehydrogenase (decarboxylating) 40 3.2 
comp83254_c0_seq1|m.91834 hypothetical protein CAPTEDRAFT_160685  40 5.2 
comp28595_c0_seq1|m.4579 ---NA--- 39 11.5 
comp31509_c0_seq1|m.5187 small ubiquitin-related modifier-like protein 39 11.4 
comp37976_c0_seq1|m.6822 PREDICTED: hypoxanthine-guanine phosphoribosyltransferase  39 5.2 
comp52116_c0_seq2|m.15092 PREDICTED: D-3-phosphoglycerate dehydrogenase-like  39 7.8 
comp56766_c0_seq1|m.21781 PREDICTED: protein CutA [Poecilia reticulata] 39 13.9 
comp58002_c0_seq1|m.24428 hypothetical protein CAPTEDRAFT_212178  39 4.9 
comp60079_c0_seq11|m.31004 hypothetical protein CAPTEDRAFT_19394  39 2.4 
comp64314_c0_seq2|m.56456 PREDICTED: Golgi reassembly-stacking protein 2 isoform X2  39 14.3 
comp65267_c1_seq7|m.67583 PREDICTED: neuroblast differentiation-associated protein AHNAK 39 1.2 
comp66185_c0_seq1|m.81894 PREDICTED: protein lingerer-like isoform X2  39 0.9 
comp66212_c1_seq11|m.82280 PREDICTED: tyrosine-protein kinase SRK2-like  39 3.9 
comp43882_c0_seq1|m.9096 60S ribosomal protein [Phragmatopoma lapidosa] 38 8.2 
comp49253_c0_seq1|m.12577 PREDICTED: casein kinase II subunit beta isoform X2  38 6.9 
comp52901_c0_seq1|m.15935 hypothetical protein CAPTEDRAFT_132355  38 9.7 
comp55811_c0_seq1|m.20007 PREDICTED: ribonucleoside-diphosphate reductase small chain  38 2.6 
comp58079_c1_seq11|m.24636 hypothetical protein HELRODRAFT_194269  38 3 
comp58781_c0_seq10|m.26447 hypothetical protein CAPTEDRAFT_187889  38 2.8 
comp61389_c0_seq1|m.36566 PREDICTED: nuclear protein localization protein 4 homolog  38 2.2 
comp61646_c0_seq2|m.38440 PREDICTED: transcription elongation factor S-II-like  38 9.8 
comp61939_c0_seq2|m.39801 PREDICTED: glycogen [starch] synthase-like  38 3.2 
comp63038_c1_seq1|m.46497 hypothetical protein HELRODRAFT_188986, partial  38 2.5 
comp64858_c2_seq2|m.63081 PREDICTED: protein DD3-3-like [Priapulus caudatus] 38 5.3 
comp66723_c0_seq1|m.89316 hypothetical protein HELRODRAFT_185877  38 11.3 
comp66725_c0_seq1|m.89318 mitochondrial NADH:ubiquinone oxidoreductase ESSS subunit 38 17.9 
comp48136_c0_seq1|m.11701 axonemal dynein light chain p33 37 6.7 
comp49628_c0_seq2|m.12839 hypothetical protein CAPTEDRAFT_176506, partial  37 2.6 
comp54221_c0_seq2|m.17712 DNA (cytosine-5)-methyltransferase 1  37 3.4 
comp55963_c0_seq1|m.20243 hypothetical protein DAPPUDRAFT_49503 37 7 
comp57219_c0_seq1|m.22699 hypothetical protein CAPTEDRAFT_169384  37 3.6 
comp60416_c1_seq1|m.32079 hypothetical protein CAPTEDRAFT_162931  37 3.8 
comp61011_c1_seq2|m.34762 hypothetical protein HELRODRAFT_185628  37 7.7 
comp65421_c0_seq10|m.70101 PREDICTED: transforming acidic coiled-coil-containing protein 2  37 3.2 
comp66339_c0_seq11|m.84511 PREDICTED: uncharacterized protein LOC106176241  37 2.6 
comp66432_c4_seq18|m.85821 PREDICTED: UDP-glucose 4-epimerase  37 5.8 
comp66657_c0_seq1|m.89269 PREDICTED: hematopoietic prostaglandin D synthase-like  37 8.5 
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comp14198_c0_seq1|m.1649 PREDICTED: calcyphosin-like protein [Hydra vulgaris] 36 4.6 
comp22345_c0_seq1|m.3122 ribosomal protein rpl26 [Eurythoe complanata] 36 11.8 
comp31648_c0_seq1|m.5222 superoxide dismutase [Urechis unicinctus] 36 6.2 
comp34538_c0_seq1|m.5917 ribosomal protein rps23 [Arenicola marina] 36 5.6 
comp48269_c0_seq1|m.11790 hypothetical protein BRAFLDRAFT_126856  36 3.2 
comp53202_c0_seq1|m.16290 PREDICTED: alcohol dehydrogenase class-3  36 2.2 
comp54287_c0_seq1|m.17777 hypothetical protein CAPTEDRAFT_8  36 15.1 
comp55017_c0_seq1|m.18757 hypothetical protein CAPTEDRAFT_17698  36 10.7 
comp59297_c0_seq1|m.28049 PREDICTED: zinc finger RNA-binding protein-like isoform X8  36 4.6 
comp61160_c3_seq1|m.35379 PREDICTED: vesicle-trafficking protein SEC22b-like isoform X1  36 6.2 
comp62667_c1_seq10|m.44012 PREDICTED: LIM and SH3 domain protein Lasp isoform X9  36 4.2 
comp64506_c0_seq1|m.58679 PREDICTED: serine/arginine repetitive matrix protein 1-like  36 1.5 
comp64705_c0_seq1|m.61426 extended synaptotagmin-like protein 2, partial  36 2.3 
comp64884_c0_seq1|m.63378 hypothetical protein CAPTEDRAFT_179888  36 5.3 
comp65002_c0_seq3|m.64494 EIF4G, partial [Mytilus galloprovincialis] 36 2.8 
comp65050_c0_seq10|m.64912 PREDICTED: glucosamine-6-phosphate isomerase 1-like 36 6.4 
comp65638_c4_seq10|m.73856 Guanine nucleotide-binding protein G(s) subunit alpha  36 2.1 
comp66314_c0_seq4|m.84084 hypothetical protein CAPTEDRAFT_227133  36 3.7 
comp67102_c0_seq1|m.89479 PREDICTED: phosphate carrier protein, mitochondrial  36 14.3 
comp10626_c0_seq1|m.807 PREDICTED: 60S ribosomal protein L35 [Latimeria chalumnae] 35 8.2 
comp40883_c0_seq1|m.7875 D-3-phosphoglycerate dehydrogenase, partial  35 3 
comp49941_c0_seq1|m.13116 thioredoxin [Crassostrea ariakensis] 35 9.2 
comp54796_c0_seq1|m.18461 hypothetical protein CAPTEDRAFT_202163  35 7 
comp55527_c0_seq1|m.19485 hypothetical protein BRAFLDRAFT_264316  35 8 
comp57683_c0_seq1|m.23770 ferritin [Macrobrachium rosenbergii] 35 9.4 
comp58707_c0_seq1|m.26211 PREDICTED: cation-dependent mannose-6-phosphate receptor 35 8.5 
comp59804_c0_seq1|m.29957 hypothetical protein BRAFLDRAFT_124447  35 7.4 
comp64362_c0_seq1|m.56772 ---NA--- 35 3.7 
comp64885_c0_seq1|m.63389 PREDICTED: DNA replication licensing factor mcm5-A-like 35 1.9 
comp65005_c0_seq1|m.64544 PREDICTED: cystathionine beta-synthase-like  35 5.3 
comp65759_c0_seq3|m.75305 PREDICTED: V-type proton ATPase subunit d 1  35 2.5 
comp23475_c0_seq1|m.3408 ---NA--- 34 3.6 
comp44941_c0_seq1|m.9828 hypothetical protein CAPTEDRAFT_152031  34 4.7 
comp50571_c1_seq2|m.13644 hypothetical protein CAPTEDRAFT_219353  34 2.9 
comp54809_c0_seq1|m.18467 hypothetical protein HELRODRAFT_175454  34 9.9 
comp59682_c0_seq1|m.29282 hypothetical protein CAPTEDRAFT_179664  34 3.1 
comp60551_c1_seq11|m.32649 PREDICTED: serine/threonine-protein phosphatase 2B  34 4.3 
comp61515_c0_seq1|m.37376 hypothetical protein X975_21199, partial 34 10.1 
comp63141_c0_seq1|m.47189 hypothetical protein CAPTEDRAFT_151128  34 3 
comp63512_c3_seq1|m.49933 hypothetical protein CAPTEDRAFT_223026  34 4.4 
comp64988_c1_seq2|m.64246 PREDICTED: V-type proton ATPase subunit D-like  34 9.3 
comp66336_c0_seq10|m.84324 hypothetical protein BRAFLDRAFT_115394  34 6.4 
comp66512_c2_seq15|m.87514 hypothetical protein BRAFLDRAFT_125875  34 9.5 
comp66593_c5_seq1|m.89014 PREDICTED: NAD(P)H:quinone oxidoreductase 34 10 
comp66850_c0_seq1|m.89413 PREDICTED: radial spoke head protein 9 homolog  34 4.3 
comp66879_c0_seq1|m.89426 PREDICTED: U6 snRNA-associated Sm-like protein LSm7  34 24.1 
comp14197_c0_seq1|m.1648 hypothetical protein HELRODRAFT_186271  33 3.6 
comp19175_c0_seq1|m.2541 PREDICTED: 40S ribosomal protein S27-like  33 10.8 
comp51179_c0_seq1|m.14230 hypothetical protein CAPTEDRAFT_131936, partial  33 4.1 
comp52287_c0_seq6|m.15275 AP-2 complex subunit beta [Orchesella cincta] 33 12.7 
comp54725_c0_seq5|m.18379 hypothetical protein BRAFLDRAFT_115204  33 7.9 
comp58514_c0_seq1|m.25824 PREDICTED: granulins-like isoform X2 [Ciona intestinalis] 33 2.3 
comp62278_c0_seq1|m.41628 PREDICTED: carbonic anhydrase 14-like isoform X3  33 3.3 
comp63400_c1_seq2|m.49087 PREDICTED: nuclear migration protein nudC-like  33 6.2 
comp63695_c0_seq4|m.51337 PREDICTED: ethanolamine kinase [Aedes albopictus] 33 4.8 
comp64231_c0_seq6|m.55841 PREDICTED: 17-beta-hydroxysteroid dehydrogenase 13-like 33 3.4 
comp64361_c0_seq11|m.56763 PREDICTED: thioredoxin domain-containing protein 3  33 1.7 
comp64977_c3_seq2|m.64112 hypothetical protein [Hyalangium minutum] 33 1.4 
comp65057_c2_seq11|m.64962 PREDICTED: serine/threonine-protein phosphatase 4   33 1.8 
comp65350_c7_seq2|m.68939 hypothetical protein CAPTEDRAFT_150697  33 4.6 
comp66052_c0_seq1|m.79253 PREDICTED: microsomal glutathione S-transferase 2-like  33 10.7 
comp66351_c0_seq10|m.84675 PREDICTED: dysferlin  33 3.5 
comp16663_c0_seq1|m.2076 PREDICTED: ATP synthase subunit delta, mitochondrial  32 9.3 
comp30864_c0_seq1|m.5054 PREDICTED: sarcoplasmic calcium-binding protein-like  32 9.5 
comp31782_c0_seq1|m.5252 Maternal protein tudor [Trachymyrmex zeteki] 32 4.7 
comp42783_c0_seq2|m.8646 epoxide hydrolase 1-like [Callorhinchus milii] 32 2.1 
comp53733_c0_seq1|m.17017 TPA_exp: heterochromatin-associated protein HP1  32 20.4 
comp53749_c1_seq1|m.17037 hypothetical protein CAPTEDRAFT_214401  32 4.4 
comp54395_c0_seq1|m.17952 PREDICTED: heat shock protein beta-1  32 4.8 
comp56399_c0_seq1|m.21015 Short/branched chain specific acyl-CoA dehydrogenase 32 6.3 
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comp57662_c0_seq1|m.23753 PREDICTED: phenylalanine--tRNA ligase alpha subunit-like  32 1.5 
comp59173_c0_seq11|m.27605 hypothetical protein CAPTEDRAFT_226043  32 1.6 
comp59434_c0_seq1|m.28465 PREDICTED: FUN14 domain-containing protein 1-like  32 10.8 
comp59810_c5_seq6|m.29976 hypothetical protein CAPTEDRAFT_198213  32 9.6 
comp60004_c2_seq10|m.30713 PREDICTED: integrin-linked protein kinase-like isoform X1  32 2.3 
comp60323_c0_seq1|m.31758 PREDICTED: actin-related protein 2 isoform X1  32 3.2 
comp61135_c0_seq1|m.35289 hypothetical protein LOTGIDRAFT_198478  32 5 
comp62531_c0_seq2|m.43139 hypothetical protein CAPTEDRAFT_229092  32 10 
comp62561_c1_seq1|m.43317 PREDICTED: uncharacterized protein LOC100378011  32 1.7 
comp64720_c0_seq1|m.61597 hypothetical protein CAPTEDRAFT_152132  32 7.2 
comp64807_c0_seq25|m.62685 ---NA--- 32 5.6 
comp64877_c0_seq10|m.63311 hypothetical protein CAPTEDRAFT_180340  32 2.4 
comp65029_c4_seq10|m.64707 AChain A, Crystal Structure Of The Glur2 Ligand Binding Core 32 3.2 
comp65393_c0_seq10|m.69788 PREDICTED: glutathione S-transferase omega-1-like isoform X3  32 10.6 
comp66406_c1_seq1|m.85540 hypothetical protein CAPTEDRAFT_229186  32 2.9 
comp66873_c0_seq1|m.89423 DUF4440 domain-containing protein [Spirosoma luteum] 32 22.7 
comp22786_c0_seq1|m.3228 PREDICTED: acetyl-coenzyme A synthetase 2-like 31 16.4 
comp23162_c0_seq1|m.3333 hypothetical protein CAPTEDRAFT_179015  31 6.8 
comp45815_c0_seq1|m.10371 PREDICTED: developmentally-regulated GTP-binding protein 1 31 7 
comp48145_c0_seq2|m.11703 PREDICTED: ubiquitin-like-conjugating enzyme ATG3  31 4.3 
comp51168_c0_seq1|m.14217 PREDICTED: proteasome subunit beta type-5-like  31 4.5 
comp54596_c0_seq1|m.18228 hypothetical protein CAPTEDRAFT_181561  31 4.6 
comp60524_c0_seq10|m.32551 hypothetical protein CAPTEDRAFT_226874  31 4.3 
comp62634_c0_seq10|m.43801 PREDICTED: leucine--tRNA ligase, cytoplasmic-like  31 10.2 
comp64007_c0_seq1|m.53788 PREDICTED: hematological and neurological expressed 1 31 8.8 
comp64318_c0_seq1|m.56470 hypothetical protein CAPTEDRAFT_175414  31 4.7 
comp64419_c0_seq1|m.58061 PREDICTED: sushi, von Willebrand factor type A 31 0.8 
comp64512_c0_seq1|m.58706 hypothetical protein CAPTEDRAFT_155245  31 6.4 
comp64558_c0_seq10|m.59144 PREDICTED: lamina-associated polypeptide 2 31 4 
comp64717_c0_seq10|m.61544 PREDICTED: condensin complex subunit 3-like  31 2.4 
comp65544_c2_seq1|m.72108 PREDICTED: obg-like ATPase 1 isoform X1  31 8.6 
comp65599_c0_seq12|m.73264 PREDICTED: nuclear pore complex protein Nup133-like  31 2.4 
comp66317_c0_seq1|m.84094 hypothetical protein CAPTEDRAFT_225884  31 8.7 
comp66722_c0_seq1|m.89315 putative FK506-binding protein [Suberites ficus] 31 9.6 
comp91743_c0_seq1|m.92752 hypothetical protein XENTR_v900138491mg, partial  31 9.7 
comp48699_c0_seq1|m.12122 hypothetical protein HELRODRAFT_185494  30 6.6 
comp48909_c0_seq1|m.12278 hypothetical protein CAPTEDRAFT_220110, partial  30 1.1 
comp49964_c0_seq1|m.13138 hypothetical protein CAPTEDRAFT_20690  30 7.4 
comp51208_c0_seq1|m.14262 PREDICTED: leucine-rich repeat-containing protein 40-like  30 5.4 
comp54865_c0_seq1|m.18530 hypothetical protein CAPTEDRAFT_228258  30 3.8 
comp55518_c0_seq1|m.19477 ribokinase isoform X2 [Oncorhynchus kisutch] 30 7.8 
comp56563_c0_seq1|m.21241 PREDICTED: leukocyte elastase inhibitor-like isoform X8  30 3.3 
comp57245_c0_seq4|m.22858 hypothetical protein CAPTEDRAFT_220815  30 8 
comp59044_c0_seq1|m.27177 hypothetical protein g.36678 [Cuerna arida] 30 4.6 
comp59243_c0_seq1|m.27827 PREDICTED: mucin-17 isoform X10  30 2.8 
comp60305_c0_seq1|m.31718 PREDICTED: uncharacterized protein LOC109484546  30 3.3 
comp61042_c2_seq1|m.34918 PREDICTED: dihydropteridine reductase-like  30 6.2 
comp61153_c0_seq1|m.35356 PREDICTED: collagen alpha-4(VI) chain-like isoform X2  30 2.2 
comp61513_c1_seq11|m.37267 hypothetical protein CAPTEDRAFT_218722  30 3.9 
comp61828_c0_seq1|m.39344 PREDICTED: eukaryotic translation initiation factor 3 subunit A 30 1.2 
comp62024_c0_seq3|m.40185 hypothetical protein CAPTEDRAFT_217523  30 3.5 
comp62726_c0_seq1|m.44336 PREDICTED: granulins-like isoform X1  30 1 
comp62863_c0_seq2|m.45425 hypothetical protein CAPTEDRAFT_222736  30 2.1 
comp63282_c0_seq1|m.48178 PREDICTED: insulin-degrading enzyme-like  30 1.7 
comp65196_c1_seq3|m.66828 ---NA--- 30 9.1 
comp65331_c0_seq4|m.68572 PREDICTED: E3 ubiquitin-protein ligase HECTD1-like isoform X1  30 1.1 
comp66627_c0_seq1|m.89237 putative ribosomal protein L28 [Sipunculus nudus] 30 6.9 
comp66698_c0_seq1|m.89294 PREDICTED: uncharacterized protein LOC106808106 30 7 
comp66853_c0_seq1|m.89415 PREDICTED: transcription and mRNA export factor ENY2-like  30 13.8 
comp37182_c0_seq1|m.6523 hypothetical protein LOTGIDRAFT_231601  29 5.1 
comp58157_c0_seq1|m.24908 PREDICTED: probable serine carboxypeptidase CPVL isoform X1  29 5.1 
comp59954_c0_seq1|m.30584 PREDICTED: vacuolar protein sorting-associated protein 4A  29 4.1 
comp60807_c0_seq1|m.33757 PREDICTED: NADH dehydrogenase [ubiquinone] flavoprotein 2 29 6.2 
comp61242_c1_seq1|m.35742 ---NA--- 29 2.1 
comp61668_c2_seq11|m.38507 hypothetical protein LOTGIDRAFT_195870  29 7.3 
comp62778_c0_seq10|m.44863 PREDICTED: nucleobindin-2-like isoform X4  29 1.7 
comp63013_c0_seq1|m.46360 hypothetical protein HELRODRAFT_159163  29 12.6 
comp64038_c0_seq11|m.53992 Low-density lipoprotein receptor-related protein 1B 29 2 
comp64572_c0_seq2|m.59307 PREDICTED: 39S ribosomal protein L12, mitochondrial  29 11.8 
comp64624_c0_seq1|m.59877 uncharacterized protein LOC110056026  29 0.8 
 
135	
comp64835_c0_seq3|m.62872 PREDICTED: carbonic anhydrase 6-like  29 2.6 
comp65721_c4_seq2|m.74920 PREDICTED: cullin-2-like  29 3 
comp65844_c0_seq10|m.76221 hypothetical protein CAPTEDRAFT_20646  29 2.7 
comp66143_c0_seq16|m.81056 PREDICTED: lysosomal Pro-X carboxypeptidase-like  29 3.1 
comp66702_c0_seq1|m.89303 Histidine triad nucleotide-binding protein 1  29 10.2 
comp66769_c0_seq1|m.89361 hsc70-interacting protein isoform X1  29 3.1 
comp10768_c0_seq1|m.840 PREDICTED: RNA-directed DNA polymerase from mobile element 28 1.7 
comp18686_c0_seq1|m.2439 ribosomal protein L36 [Procambarus clarkii] 28 7.5 
comp24507_c0_seq1|m.3662 ribosomal protein rpl31 [Eurythoe complanata] 28 6.1 
comp36302_c0_seq1|m.6312 PREDICTED: cleavage and polyadenylation specificity factor 28 7.4 
comp38755_c0_seq1|m.7106 PREDICTED: EF-hand calcium-binding domain-containing protein  28 7.8 
comp52931_c1_seq1|m.15973 PREDICTED: carbonyl reductase [NADPH] 1  28 8.7 
comp53011_c0_seq1|m.16086 PREDICTED: PTB domain-containing engulfment adapter protein  28 6.1 
comp55928_c0_seq1|m.20190 PREDICTED: fatty acid-binding protein, heart-like  28 7 
comp56108_c1_seq1|m.20499 PREDICTED: histone chaperone asf1b-B  28 7.9 
comp58561_c0_seq1|m.25947 PREDICTED: ribosome-binding protein 1 isoform X1  28 1.5 
comp62387_c1_seq11|m.42267 PREDICTED: glutamine synthetase-like [Hyalella azteca] 28 2.3 
comp62668_c0_seq1|m.44082 eukaryotic translation initiation factor 4B-like isoform X1  28 2.6 
comp63109_c3_seq1|m.47018 PREDICTED: F-actin-capping protein subunit alpha-2-like  28 12.8 
comp63739_c0_seq1|m.51592 PREDICTED: acyl-coenzyme A oxidase 2, peroxisomal-like  28 4.5 
comp64208_c0_seq1|m.55676 hypothetical protein CAPTEDRAFT_219447  28 1.6 
comp65162_c0_seq2|m.66293 regeneration-upregulated protein 5 28 5.7 
comp65798_c0_seq3|m.75735 hypothetical protein CAPTEDRAFT_226249  28 4.4 
comp65868_c0_seq2|m.76545 PREDICTED: serine--pyruvate aminotransferase-like  28 3.7 
comp66307_c0_seq1|m.83975 hypothetical protein CAPTEDRAFT_221829  28 2.4 
comp14346_c0_seq1|m.1676 hypothetical protein LOTGIDRAFT_236234  27 8.2 
comp38415_c0_seq1|m.6984 PREDICTED: RNA-binding protein cabeza-like  27 8.7 
comp51119_c0_seq1|m.14168 PREDICTED: kelch-like protein 33 [Poecilia latipinna] 27 1.7 
comp52632_c0_seq1|m.15594 PREDICTED: uncharacterized protein LOC106180440  27 5.2 
comp52807_c0_seq1|m.15797 hypothetical protein CAPTEDRAFT_171523  27 2.2 
comp55053_c0_seq1|m.18806 PREDICTED: mitochondrial import inner membrane translocase  27 12 
comp58734_c1_seq1|m.26324 hypothetical protein HELRODRAFT_186257  27 4.5 
comp60099_c0_seq1|m.31067 PREDICTED: methylcrotonoyl-CoA carboxylase subunit alpha 27 1.8 
comp60409_c3_seq2|m.32069 CaM kinase II alpha  27 8.1 
comp61825_c0_seq1|m.39318 hypothetical protein OCBIM_22032639mg  27 8.9 
comp63075_c1_seq11|m.46840 hypothetical protein HELRODRAFT_85671  27 5.8 
comp63080_c0_seq1|m.46853 hypothetical protein CAPTEDRAFT_170344  27 1.5 
comp63610_c0_seq4|m.50580 hypothetical protein CAPTEDRAFT_171238  27 2.5 
comp64238_c0_seq11|m.55928 PREDICTED: talin-1-like isoform X2  27 2.1 
comp64543_c0_seq1|m.59004 extended synaptotagmin-like protein 2  27 7.8 
comp64554_c0_seq2|m.59094 PREDICTED: replication factor C subunit 3-like  27 2.2 
comp64804_c2_seq1|m.62658 PREDICTED: toll-interacting protein-like isoform X2  27 4.6 
comp65022_c2_seq1|m.64630 PREDICTED: general vesicular transport factor p115 27 2.3 
comp65267_c1_seq5|m.67579 PREDICTED: LOW QUALITY PROTEIN: protein AHNAK2 27 4.1 
comp66647_c0_seq1|m.89259 putative 60S ribosomal protein L35a-like protein  27 6.1 
comp66751_c0_seq1|m.89330 PREDICTED: eukaryotic translation initiation factor 1A 27 7.4 
comp35636_c0_seq1|m.6154 hypothetical protein BRAFLDRAFT_122463  26 3.1 
comp41800_c0_seq1|m.8236 PREDICTED: short transient receptor potential channel 4 26 6.1 
comp44150_c0_seq1|m.9324 hypothetical protein LOTGIDRAFT_205793  26 6.3 
comp44346_c0_seq1|m.9434 ---NA--- 26 5.2 
comp45303_c0_seq2|m.10045 hypothetical protein CAPTEDRAFT_108382  26 3.2 
comp51663_c0_seq1|m.14771 hypothetical protein [Paramecium tetraurelia strain d4-2] 26 4.2 
comp57142_c0_seq1|m.22509 ---NA--- 26 6.2 
comp57243_c0_seq2|m.22846 PREDICTED: tryptophan--tRNA ligase, cytoplasmic isoform X1  26 6.5 
comp57255_c0_seq1|m.22881 hypothetical protein CAPTEDRAFT_171496  26 1.4 
comp57869_c0_seq1|m.24171 hypothetical protein BRAFLDRAFT_276703  26 2.8 
comp62172_c1_seq1|m.41089 PREDICTED: importin-9-like isoform X1  26 1.6 
comp62724_c1_seq10|m.44334 Xpo1 protein [Mus musculus] 26 4.1 
comp63101_c0_seq1|m.46998 PREDICTED: xanthine dehydrogenase/oxidase-like  26 1.9 
comp63308_c1_seq14|m.48359 PREDICTED: calpain-A-like  26 2.1 
comp63310_c0_seq1|m.48381 hypothetical protein CAPTEDRAFT_159745  26 6.5 
comp64727_c0_seq1|m.61739 PREDICTED: ATP-binding cassette sub-family E member 26 6 
comp65127_c0_seq1|m.65775 hypothetical protein CAPTEDRAFT_229048  26 0.6 
comp65299_c0_seq1|m.68194 PREDICTED: LOW QUALITY PROTEIN: DNA topoisomerase  26 1.1 
comp66724_c0_seq1|m.89317 hypothetical protein g.12075 [Cuerna arida] 26 4.5 
comp66770_c0_seq1|m.89363 ---NA--- 26 3 
comp84148_c0_seq1|m.91940 glutamate dehydrogenase 26 4.6 
comp1132_c0_seq2|m.125 PREDICTED: arrestin domain-containing protein 3-like  25 10.4 
comp18441_c0_seq1|m.2406 hypothetical protein CAPTEDRAFT_224953  25 2.6 
comp23330_c0_seq1|m.3368 ---NA--- 25 5.5 
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comp25418_c0_seq1|m.3862 PREDICTED: retinol dehydrogenase 11-like  25 7.3 
comp31701_c0_seq1|m.5235 hypothetical protein CAPTEDRAFT_150189  25 3.3 
comp39048_c0_seq1|m.7207 hypothetical protein CAPTEDRAFT_226412  25 7.6 
comp49043_c2_seq1|m.12399 hypothetical protein CAPTEDRAFT_169490  25 2.5 
comp51375_c0_seq1|m.14451 PREDICTED: transmembrane 9 superfamily member 2-like  25 5.1 
comp53372_c0_seq10|m.16492 PREDICTED: AP-3 complex subunit delta-1-like isoform X2  25 1 
comp58328_c1_seq1|m.25384 hypothetical protein CAPTEDRAFT_177063  25 3.4 
comp60052_c0_seq1|m.30894 hypothetical protein g.40002, partial  25 3.6 
comp60304_c0_seq4|m.31716 PREDICTED: putative deoxyribonuclease TATDN1 isoform X2  25 4.1 
comp60545_c1_seq1|m.32637 Dihydrolipoyllysine-residue acetyltransferase 25 2.8 
comp61728_c3_seq1|m.38879 hypothetical protein LOTGIDRAFT_125904  25 11.5 
comp61893_c1_seq1|m.39588 PREDICTED: pejvakin-like  25 6.1 
comp63960_c0_seq1|m.53385 ---NA--- 25 1.1 
comp64977_c3_seq3|m.64115 hypothetical protein CAPTEDRAFT_169985  25 6.8 
comp65621_c1_seq1|m.73595 hypothetical protein CAPTEDRAFT_162931  25 4.7 
comp65698_c0_seq1|m.74678 PREDICTED: E3 ubiquitin-protein ligase RNF123 isoform X2  25 1.3 
comp66731_c0_seq1|m.89322 PREDICTED: putative peptidyl-prolyl cis-trans isomerase dodo  25 4.4 
comp26094_c0_seq1|m.4017 hypothetical protein CAPTEDRAFT_175254  24 5.1 
comp43975_c0_seq4|m.9174 PREDICTED: bromodomain adjacent to zinc finger domain  24 2.7 
comp48377_c0_seq1|m.11859 hypothetical protein CAPTEDRAFT_179015  24 3.4 
comp49059_c0_seq1|m.12408 PREDICTED: plasma membrane calcium-transporting ATPase 2 24 5.6 
comp53411_c0_seq3|m.16582 hypothetical protein LOTGIDRAFT_202232, partial  24 6.9 
comp57448_c0_seq1|m.23333 hypothetical protein CAPTEDRAFT_161168  24 9.7 
comp61088_c0_seq1|m.35083 AAEL014742-PA, partial [Aedes aegypti] 24 5.8 
comp61171_c0_seq2|m.35459 PREDICTED: replication factor C subunit 5 24 3.5 
comp61765_c1_seq5|m.39081 glutamine--tRNA ligase [Columba livia] 24 7.3 
comp63441_c5_seq2|m.49489 PREDICTED: retinol dehydrogenase 12-like  24 2.4 
comp65162_c3_seq10|m.66302 hypothetical protein CAPTEDRAFT_130757  24 7.4 
comp65939_c0_seq2|m.77398 heat shock protein 20 [Pinctada martensii] 24 8.8 
comp66351_c0_seq1|m.84630 hypothetical protein CAPTEDRAFT_228796  24 2.8 
comp66525_c0_seq1|m.87929 PREDICTED: group XV phospholipase A2-like  24 5.4 
comp66759_c0_seq1|m.89335 PREDICTED: tubulin-specific chaperone A-like  24 25.1 
comp15311_c0_seq1|m.1858 PREDICTED: protein unc-119 homolog B-like  23 4.3 
comp43777_c0_seq1|m.9054 alcohol dehydrogenase class-3-like isoform X1  23 13.9 
comp43791_c1_seq1|m.9065 hypothetical protein LOTGIDRAFT_172557  23 4.2 
comp50071_c0_seq1|m.13239 PREDICTED: granulins-like, partial  23 6 
comp51917_c0_seq1|m.14930 hypothetical protein CAPTEDRAFT_153277  23 2.9 
comp54484_c0_seq1|m.18060 PREDICTED: tektin-1-like  23 3.8 
comp56490_c0_seq1|m.21126 PREDICTED: Golgi apparatus protein 1-like  23 2.5 
comp57905_c0_seq1|m.24225 hypothetical protein CAPTEDRAFT_175488  23 3.1 
comp59074_c0_seq1|m.27294 hypothetical protein CAPTEDRAFT_227384  23 3.2 
comp61767_c0_seq1|m.39089 PREDICTED: aldose reductase-like [Apis cerana] 23 2.3 
comp62364_c0_seq1|m.42108 hypothetical protein BRAFLDRAFT_121299  23 1.4 
comp62486_c0_seq5|m.42935 hypothetical protein CAPTEDRAFT_108499, partial  23 2.7 
comp64850_c2_seq3|m.63010 PREDICTED: fermitin family homolog 2-like  23 2.6 
comp65422_c3_seq14|m.70131 effete, isoform A [Drosophila melanogaster] 23 16 
comp66214_c3_seq1|m.82296 hypothetical protein CAPTEDRAFT_173618  23 2.1 
comp66762_c0_seq1|m.89358 PREDICTED: C-Myc-binding protein-like  23 18.6 
comp25540_c0_seq1|m.3887 hypothetical protein LOTGIDRAFT_224792  22 3.3 
comp39264_c0_seq1|m.7275 PREDICTED: mucin-16 isoform X7  22 3.6 
comp41863_c0_seq1|m.8266 PREDICTED: cytochrome c oxidase subunit 6A 22 10 
comp43793_c0_seq1|m.9067 ---NA--- 22 8.2 
comp48632_c0_seq1|m.12063 hypothetical protein CAPTEDRAFT_158220  22 5.6 
comp52477_c0_seq1|m.15418 PREDICTED: poly [ADP-ribose] polymerase 1-like  22 3.6 
comp57455_c0_seq1|m.23350 ---NA--- 22 1.9 
comp58016_c4_seq1|m.24449 PREDICTED: UPF0568 protein C14orf166 homolog  22 3.5 
comp60298_c0_seq2|m.31699 ---NA--- 22 5.1 
comp61513_c1_seq62|m.37355 PREDICTED: branched-chain-amino-acid aminotransferase-like  22 4.9 
comp62081_c0_seq1|m.40500 hypothetical protein CAPTEDRAFT_177358  22 2.2 
comp62784_c0_seq1|m.44893 hypothetical protein CAPTEDRAFT_162690  22 2.2 
comp63104_c0_seq1|m.47013 hypothetical protein LOTGIDRAFT_187255  22 3 
comp65514_c0_seq16|m.71584 splicing factor 3A subunit 1 [Sus scrofa] 22 1.6 
comp66155_c0_seq1|m.81490 PREDICTED: digestive cysteine proteinase 2-like  22 2.4 
comp11482_c0_seq1|m.965 hypothetical protein BRAFLDRAFT_203586  21 4.5 
comp14474_c0_seq1|m.1695 PREDICTED: very-long-chain enoyl-CoA reductase-like  21 2.8 
comp17716_c0_seq1|m.2277 ---NA--- 21 5.9 
comp39522_c0_seq1|m.7365 PREDICTED: COP9 signalosome complex subunit 6  21 5.3 
comp43634_c0_seq1|m.8987 PREDICTED: H/ACA ribonucleoprotein complex subunit 4  21 2.7 
comp56740_c0_seq2|m.21561 PREDICTED: IgGFc-binding protein [Camelus bactrianus] 21 2.8 
comp56772_c0_seq1|m.21793 hypothetical protein BRAFLDRAFT_127904  21 2.5 
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comp57779_c1_seq1|m.23975 hypothetical protein CAPTEDRAFT_182211  21 18.6 
comp59698_c0_seq1|m.29379 PREDICTED: alpha/beta hydrolase domain-containing protein 21 8.5 
comp61326_c0_seq1|m.36392 hypothetical protein CAPTEDRAFT_152413  21 1.3 
comp61957_c2_seq1|m.39875 Signal peptidase complex catalytic subunit SEC11A  21 3.9 
comp62932_c0_seq1|m.45736 PREDICTED: glycine receptor subunit alpha-3-like isoform X1  21 2.5 
comp63441_c0_seq3|m.49483 glutamine synthetase [Tegillarca granosa] 21 6.9 
comp65294_c3_seq1|m.68166 proteosome PSMB6/9 [Haliotis discus discus] 21 3.7 
comp65362_c0_seq10|m.69059 PREDICTED: pre-mRNA-processing factor 39-like  21 2.4 
comp65872_c0_seq12|m.76572 hypothetical protein CAPTEDRAFT_173223  21 8.6 
comp21482_c0_seq1|m.2937 PREDICTED: filamin-B-like  20 0.8 
comp23569_c0_seq1|m.3428 hypothetical protein CAPTEDRAFT_225244  20 6.3 
comp31682_c0_seq1|m.5229 PREDICTED: regulator of nonsense transcripts 1-like  20 8.3 
comp45268_c0_seq2|m.10016 PREDICTED: mRNA cap guanine-N7 methyltransferase-like  20 1.9 
comp50738_c0_seq2|m.13776 hypothetical protein CAPTEDRAFT_163268  20 4.5 
comp54534_c0_seq1|m.18120 phosphohydrolase [Pseudomonas taeanensis] 20 4.7 
comp57389_c0_seq1|m.23148 ---NA--- 20 11.2 
comp58011_c0_seq5|m.24441 PREDICTED: uncharacterized protein LOC109472714  20 7.6 
comp60324_c0_seq1|m.31762 hypothetical protein CAPTEDRAFT_220488  20 3.8 
comp62598_c0_seq1|m.43503 hypothetical protein LOTGIDRAFT_209197  20 8.7 
comp64135_c0_seq1|m.55140 hypothetical protein CAPTEDRAFT_221049  20 1 
 
 
Table S3.3 Proteins identified by mass spectrometry in bioluminescent mucus extracts of Odontosyllis enopla. 
Matched transcript ID, putative annotation, peptide search score and percentage sequence coverage are provided. 
Transcript ID Annotation Score % Coverage 
comp57358_c0_seq1|m.23084 PREDICTED: arylsulfatase I isoform X2 2606 38.4 
comp59243_c0_seq1|m.27827 PREDICTED: mucin-17-like  1513 35.7 
comp14680_c0_seq1|m.1726 ---NA--- 1404 16.5 
comp64809_c0_seq4|m.62703 hypothetical protein CAPTEDRAFT_222921  989 8.6 
comp64858_c2_seq2|m.63081 PREDICTED: protein DD3-3-like  814 29.5 
comp66159_c0_seq6|m.81526 myosin heavy chain isoform A 589 16.3 
comp66806_c0_seq1|m.89389 PREDICTED: carbonic anhydrase 2-like  589 24.4 
comp66159_c0_seq7|m.81530 myosin  580 15.7 
comp66159_c0_seq1|m.81504 myosin  573 11.2 
comp2944_c0_seq1|m.265 PREDICTED: mucin-17-like 517 40.5 
comp50453_c0_seq2|m.13530 vitellogenin  479 38.7 
comp66091_c0_seq19|m.79930 PREDICTED: uncharacterized protein LOC106173126  472 26.5 
comp44346_c0_seq7|m.9443 PREDICTED: mucin-2 439 28.5 
comp64591_c0_seq17|m.59543 PREDICTED: nuclear transport factor 2 439 44 
comp39264_c0_seq1|m.7275 PREDICTED: mucin-17-like 422 21.9 
comp17716_c0_seq1|m.2277 ---NA--- 381 22.4 
comp44879_c0_seq1|m.9781 PREDICTED: protein SpAN-like  381 26.7 
comp53671_c0_seq1|m.16935 putative paramyosin-3 314 15.6 
comp64668_c1_seq6|m.60113 ---NA--- 312 21.7 
comp66091_c0_seq16|m.79926 vitellogenin  301 28.9 
comp44192_c0_seq1|m.9342 PREDICTED: protein SpAN-like  294 13.5 
comp64668_c1_seq2|m.60107 ---NA--- 286 21.9 
comp64419_c0_seq1|m.58061 PREDICTED: sushi, von Willebrand factor type A 280 6.2 
comp66442_c0_seq2|m.85945 PREDICTED: IgGFc-binding protein-like isoform X1  257 8.3 
comp60814_c0_seq2|m.33773 PREDICTED: mucin-17-like  244 12.3 
comp20154_c0_seq1|m.2709 heat shock protein 90 235 13.1 
comp63373_c1_seq5|m.48857 hypothetical protein CAPTEDRAFT_214836  229 21 
comp63373_c1_seq5|m.48856 PREDICTED: acetylcholinesterase-like isoform X4  228 18.9 
comp66181_c0_seq1|m.81852 hypothetical protein TRFO_21244 224 3.8 
comp61928_c0_seq1|m.39771 Actin-2 [Caenorhabditis elegans] 223 19.5 
comp54590_c0_seq1|m.18221 hypothetical protein CAPTEDRAFT_156731  214 21.2 
comp37923_c0_seq1|m.6797 putative elongation factor 1-alpha-like protein 204 24 
comp11482_c0_seq1|m.965 hypothetical protein BRAFLDRAFT_203586  203 12.4 
comp66662_c0_seq1|m.89273 hypothetical protein CAPTEDRAFT_177145  193 40.2 
comp48167_c0_seq2|m.11718 PREDICTED: tubulin beta-4B chain isoform X1  192 12.4 
comp49641_c0_seq1|m.12856 PREDICTED: annexin A7-like isoform X2 174 19.2 
comp64809_c0_seq2|m.62691 hypothetical protein CAPTEDRAFT_222921  167 2.6 
comp38817_c0_seq1|m.7130 cytoplasmic creatine kinase  161 10.9 
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comp57821_c0_seq1|m.24080 PREDICTED: gelsolin-like protein 2  150 10.5 
comp38283_c0_seq1|m.6935 hypothetical protein LOTGIDRAFT_147032, partial  144 20.8 
comp41009_c0_seq1|m.7921 SCP_PERVTRecName: Full=Sarcoplasmic calcium-binding protein 140 22.4 
comp53718_c0_seq1|m.17000 hypothetical protein CAPTEDRAFT_157209  138 9.3 
comp58941_c0_seq2|m.26834 PREDICTED: sushi, von Willebrand factor type A 133 6.6 
comp57455_c0_seq1|m.23350 ---NA--- 129 7.3 
comp60576_c1_seq1|m.32741 PREDICTED: Sushi, von Willebrand factor type A 128 4.4 
comp56744_c0_seq1|m.21564 hypothetical protein CAPTEDRAFT_156715  126 12.9 
comp62185_c0_seq10|m.41177 PREDICTED: tubulin alpha-1A chain-like  126 16.9 
comp54421_c0_seq1|m.17977 hypothetical protein LOTGIDRAFT_237549  123 13.6 
comp64363_c0_seq1|m.56775 hypothetical protein CAPTEDRAFT_150577  122 3.5 
comp61242_c1_seq1|m.35742 ---NA--- 121 8.9 
comp64738_c0_seq1|m.61904 PREDICTED: retinal dehydrogenase 2-like  121 9.7 
comp61336_c0_seq1|m.36405 PREDICTED: gelsolin-like protein 2 isoform X2  120 20.8 
comp48896_c0_seq1|m.12268 omega class glutathione-s-transferase  119 20.2 
comp56587_c1_seq1|m.21296 ---NA--- 116 18.5 
comp66070_c0_seq1|m.79398 PREDICTED: uncharacterized protein LOC109470102 115 5.6 
comp15249_c0_seq1|m.1845 hypothetical protein LOTGIDRAFT_232029 114 10.4 
comp58772_c0_seq1|m.26396 PREDICTED: filamin-A-like isoform X1  114 2.6 
comp63892_c0_seq3|m.52726 PREDICTED: 14-3-3 protein zeta isoform X1 110 15.7 
comp54571_c0_seq1|m.18205 PREDICTED: adenosylhomocysteinase A-like  109 9.5 
comp66070_c0_seq3|m.79403 hypothetical protein LOTGIDRAFT_234824  108 3.4 
comp44346_c0_seq5|m.9440 PREDICTED: mucin-5B isoform X2 [Parus major] 107 25.9 
comp53859_c0_seq11|m.17192 ---NA--- 106 14.9 
comp54087_c0_seq1|m.17510 ---NA--- 106 11.1 
comp57808_c0_seq1|m.24059 cytoplasmic intermediate filament protein  106 10.8 
comp60198_c0_seq1|m.31393 hypothetical protein HELRODRAFT_185027  105 5.8 
comp70400_c0_seq1|m.89961 ---NA--- 105 18.2 
comp53724_c0_seq1|m.17010 PREDICTED: zonadhesin-like isoform X3  103 7 
comp65580_c1_seq37|m.73066 hypothetical protein TRIADDRAFT_62217  103 26.2 
comp23475_c0_seq1|m.3408 ---NA--- 100 8.7 
comp51267_c0_seq1|m.14337 triosephosphate isomerase 1  99 5.3 
comp61044_c0_seq1|m.34923 catalase  99 9.7 
comp66188_c0_seq1|m.81917 glucose-regulated protein 94  97 3.1 
comp50009_c0_seq1|m.13172 PREDICTED: NADPH-dependent aldehyde reductase ARI1 96 12 
comp57317_c0_seq1|m.22984 PREDICTED: 14-3-3 protein epsilon [Aedes albopictus] 96 11 
comp59206_c0_seq1|m.27730 PREDICTED: protein SpAN  95 7.3 
comp23274_c0_seq1|m.3357 PREDICTED: ATP synthase subunit alpha, mitochondrial  92 7.8 
comp48046_c0_seq9|m.11614 PREDICTED: calmodulin-like protein 3  92 17.5 
comp51768_c0_seq1|m.14836 PREDICTED: protein SET-like  92 14.1 
comp58095_c0_seq1|m.24723 PREDICTED: glyceraldehyde-3-phosphate dehydrogenase 92 10 
comp60960_c0_seq2|m.34483 hypothetical protein CAPTEDRAFT_224241  92 2.2 
comp62022_c0_seq1|m.40170 hypothetical protein g.21804 88 3.3 
comp61889_c0_seq4|m.39578 ---NA--- 87 12.6 
comp63948_c0_seq1|m.53329 PREDICTED: ras-related protein Rab-2  84 11.7 
comp65443_c0_seq16|m.70510 Golgi-associated plant pathogenesis-related protein 1  84 17.4 
comp65677_c0_seq1|m.74490 hypothetical protein CAPTEDRAFT_159854  84 8.5 
comp43644_c0_seq1|m.8989 Ras-related protein Rab-1A [Haliotis discus discus] 81 13 
comp58849_c0_seq1|m.26645 hypothetical protein CAPTEDRAFT_166194  78 11.1 
comp61471_c0_seq1|m.36954 glutathione reductase [Haliotis discus discus] 78 6.1 
comp40333_c0_seq4|m.7674 ---NA--- 77 4.6 
comp44182_c0_seq1|m.9340 PREDICTED: dihydropyrimidinase-like isoform X6  77 3.4 
comp43786_c0_seq1|m.9062 hypothetical protein BRAFLDRAFT_69722  76 11.4 
comp66199_c1_seq1|m.82040 hypothetical protein OCBIM_22033392mg  76 4.9 
comp66720_c0_seq1|m.89314 PREDICTED: electron transfer flavoprotein subunit beta-like  76 5.1 
comp20917_c0_seq1|m.2829 40S ribosomal protein S5  75 6.9 
comp47940_c0_seq1|m.11537 hypothetical protein CAPTEDRAFT_163594  73 10 
comp25659_c0_seq1|m.3907 calcium-transporting ATPase variant 2 71 3.3 
comp64699_c0_seq10|m.61292 PREDICTED: dynactin subunit 1-like isoform X6  71 2.2 
comp18612_c0_seq1|m.2428 PREDICTED: heterogeneous nuclear ribonucleoprotein Q-like  70 6.1 
comp60992_c0_seq1|m.34632 PREDICTED: sarcoplasmic calcium-binding protein-like  70 5.5 
comp65527_c0_seq1|m.71799 PREDICTED: isocitrate dehydrogenase [NADP] 70 8.1 
comp100860_c0_seq1|m.93519 PREDICTED: vitellogenin-6-like  69 18.8 
comp51717_c0_seq1|m.14807 PREDICTED: malate dehydrogenase, cytoplasmic 69 5.8 
comp30319_c0_seq1|m.4924 hypothetical protein CAPTEDRAFT_72445, partial 68 7.4 
comp44385_c0_seq1|m.9476 ---NA--- 68 7.8 
comp51686_c0_seq1|m.14795 ---NA--- 67 9.1 
comp62254_c0_seq1|m.41544 ---NA--- 67 8.5 
comp64668_c1_seq8|m.60115 ---NA--- 66 9 
comp62736_c0_seq2|m.44434 ---NA--- 65 3.8 
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comp37220_c0_seq1|m.6545 hypothetical protein CAPTEDRAFT_157862 64 5.9 
comp42215_c0_seq1|m.8421 predicted protein 64 10.4 
comp57806_c0_seq1|m.24046 PREDICTED: ubiquitin-like modifier-activating enzyme 64 3.2 
comp64882_c0_seq1|m.63355 PREDICTED: mucin-17-like  64 2.2 
comp28630_c0_seq1|m.4584 hypothetical protein LOTGIDRAFT_183389 63 12.1 
comp19664_c0_seq1|m.2610 40S ribosomal protein S24 62 10.7 
comp20754_c0_seq1|m.2815 tumor protein, translationally-controlled 1  62 7.6 
comp50053_c0_seq1|m.13220 ---NA--- 62 10.5 
comp30367_c0_seq1|m.4932 PREDICTED: CAP-Gly domain-containing linker protein 61 5.5 
comp30660_c0_seq1|m.5004 cathepsin D [Pinctada margaritifera] 61 5.5 
comp40346_c0_seq1|m.7692 ---NA--- 61 6.5 
comp65375_c0_seq10|m.69324 hypothetical protein CAPTEDRAFT_164235  61 1.5 
comp66667_c0_seq1|m.89276 hypothetical protein CAPTEDRAFT_21725  61 16.1 
comp39364_c0_seq1|m.7308 ---NA--- 60 4.1 
comp41180_c0_seq1|m.7996 hypothetical protein CAPTEDRAFT_171942 60 10.2 
comp61496_c0_seq1|m.37144 ---NA--- 60 6 
comp65876_c0_seq2|m.76596 PREDICTED: myoferlin-like isoform X5  60 3.1 
comp22294_c0_seq1|m.3113 peroxiredoxin 59 7.4 
comp48244_c0_seq2|m.11771 seminal fluid protein [Nilaparvata lugens] 59 23.5 
comp55928_c0_seq1|m.20190 PREDICTED: fatty acid-binding protein, heart-like  59 7 
comp18817_c0_seq1|m.2462 mKIAA0106 protein, partial 58 8.4 
comp54177_c0_seq1|m.17661 PREDICTED: cofilin-like isoform X1 [Acropora digitifera] 58 11.9 
comp59770_c0_seq2|m.29598 arginine kinase [Sepioteuthis lessoniana] 58 8.2 
comp58300_c0_seq1|m.25263 PREDICTED: von Willebrand factor A domain-containing protein   57 1.7 
comp62807_c0_seq1|m.44973 PREDICTED: uncharacterized protein LOC100370384  57 1.5 
comp65261_c0_seq7|m.67524 hypothetical protein CAPTEDRAFT_180856  57 9 
comp56052_c0_seq1|m.20423 hypothetical protein CAPTEDRAFT_226450  56 6.9 
comp63550_c0_seq1|m.50278 hypothetical protein FF38_06263 [Lucilia cuprina] 56 5 
comp64419_c0_seq1|m.58062 PREDICTED: IgGFc-binding protein-like isoform X2  56 4.8 
comp51747_c0_seq1|m.14823 Actin-depolymerizing factor 1 [Exaiptasia pallida] 55 20.8 
comp65566_c0_seq1|m.72940 PREDICTED: sushi, von Willebrand factor type A 55 4.2 
comp43793_c0_seq1|m.9067 ---NA--- 53 15.2 
comp44105_c0_seq1|m.9298 ---NA--- 53 8.5 
comp51273_c0_seq1|m.14346 PREDICTED: transitional endoplasmic reticulum ATPase  53 1.2 
comp59140_c0_seq1|m.27500 peroxiredoxin 6 [Saccostrea glomerata] 53 16.8 
comp62530_c0_seq1|m.43137 PREDICTED: 6-phosphogluconate dehydrogenase 53 2.8 
comp62663_c0_seq1|m.43971 PREDICTED: heparan sulfate proteoglycan 53 2 
comp66625_c0_seq1|m.89235 hypothetical protein HELRODRAFT_77706, partial  53 7.8 
comp51729_c0_seq1|m.14812 ribosomal protein rpl23a, partial [Lineus viridis] 52 6.9 
comp53994_c0_seq1|m.17334 PREDICTED: sushi, von Willebrand factor type A 52 9.5 
comp30113_c0_seq1|m.4880 ribosomal protein rpl7 51 10 
comp43782_c0_seq1|m.9059 hypothetical protein CAPTEDRAFT_19549  51 8.2 
comp61637_c1_seq22|m.37873 PREDICTED: deoxyuridine 5'-triphosphate nucleotidohydrolase 51 6.7 
comp49812_c0_seq1|m.13006 hypothetical protein CAPTEDRAFT_228073  50 5 
comp59121_c0_seq1|m.27465 hypothetical protein CAPTEDRAFT_148793  50 2.7 
comp63671_c0_seq12|m.51115 ---NA--- 50 9.5 
comp65387_c1_seq13|m.69667 nuclear transport factor 2 [Xenopus tropicalis] 50 20.8 
comp11340_c0_seq1|m.949 hypothetical protein BRAFLDRAFT_243719  49 7.6 
comp33937_c0_seq1|m.5768 blastula protease 10 49 4.2 
comp40900_c0_seq1|m.7883 hypothetical protein CAPTEDRAFT_219862 49 2.7 
comp60724_c0_seq1|m.33378 PREDICTED: transforming protein RhoA-like  49 5.6 
comp83233_c0_seq1|m.91830 ---NA--- 49 7.2 
comp39454_c0_seq1|m.7339 hypothetical protein LOTGIDRAFT_235900 48 3.3 
comp43512_c0_seq1|m.8938 PREDICTED: suppressor of tumorigenicity 14 protein-like 48 14 
comp57187_c0_seq2|m.22613 PREDICTED: sushi, von Willebrand factor type A 48 5 
comp59503_c0_seq1|m.28621 hypothetical protein OCBIM_22011233mg  48 9.2 
comp63919_c4_seq13|m.53119 hypothetical protein LOTGIDRAFT_214098  48 2.4 
comp18995_c0_seq1|m.2496 PREDICTED: 40S ribosomal protein S4-like 47 3.2 
comp19227_c0_seq1|m.2544 unnamed protein product  47 13.5 
comp24145_c0_seq1|m.3577 hypothetical protein CAPTEDRAFT_173297  47 5.5 
comp25331_c1_seq1|m.3842 PREDICTED: peptidyl-prolyl cis-trans isomerase FKBP3-like 47 4.4 
comp34538_c0_seq1|m.5917 ribosomal protein rps23 47 5.6 
comp58333_c0_seq1|m.25386 hypothetical protein CAPTEDRAFT_148058  47 5.5 
comp63785_c0_seq13|m.51996 hypothetical protein CAPTEDRAFT_156570  47 2.9 
comp63895_c0_seq1|m.52746 ---NA--- 47 19.3 
comp64977_c3_seq2|m.64112 hypothetical protein [Hyalangium minutum] 47 2.2 
comp66243_c7_seq13|m.82832 PREDICTED: T-complex protein 1 subunit eta-like isoform X1  47 2.6 
comp62456_c2_seq1|m.42683 hypothetical protein LOTGIDRAFT_239006  46 9.3 
comp65376_c0_seq7|m.69496 PREDICTED: CCAAT/enhancer-binding protein zeta-like  46 1.9 
comp59486_c0_seq1|m.28578 AF173680_1myosin regulatory light chain [Riftia pachyptila] 45 6.8 
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comp64051_c0_seq5|m.54306 ---NA--- 45 9.6 
comp66624_c0_seq1|m.89233 ribosomal protein S 15a [Cerebratulus lacteus] 45 10.4 
comp51926_c0_seq1|m.14931 PREDICTED: V-type proton ATPase subunit B  44 2.9 
comp53196_c0_seq2|m.16280 ---NA--- 44 18.3 
comp58273_c0_seq1|m.25182 ---NA--- 44 10.1 
comp60382_c0_seq1|m.31965 hypothetical protein LOTGIDRAFT_160631  44 5.4 
comp64465_c0_seq1|m.58415 hypothetical protein LOTGIDRAFT_196756  44 7.6 
comp43961_c0_seq1|m.9166 cytochrome c oxidase subunit Va 43 6.3 
comp51982_c0_seq1|m.14990 PREDICTED: uncharacterized protein LOC589560  43 7.5 
comp53677_c0_seq1|m.16954 PREDICTED: receptor of activated protein C kinase 1 43 3.5 
comp64055_c1_seq14|m.54327 hypothetical protein HELRODRAFT_185576  43 5.3 
comp64262_c0_seq1|m.56081 PREDICTED: 97 kDa heat shock protein-like isoform X1  43 1.8 
comp32078_c0_seq1|m.5317 PREDICTED: plasminogen activator inhibitor RNA-binding protein 42 2.3 
comp58070_c0_seq1|m.24598 hypothetical protein CAPTEDRAFT_226803  42 3.9 
comp53235_c0_seq1|m.16326 ---NA--- 41 9.6 
comp63696_c0_seq1|m.51346 hypothetical protein CAPTEDRAFT_120375  41 4.2 
comp29716_c0_seq1|m.4792 hypothetical protein LOTGIDRAFT_178557 40 5.6 
comp44133_c0_seq1|m.9309 hypothetical protein CAPTEDRAFT_220433  40 10.4 
comp63622_c0_seq1|m.50628 PREDICTED: carboxypeptidase E-like  40 2.5 
comp63868_c0_seq6|m.52464 PREDICTED: sulfotransferase 1A1 [Sarcophilus harrisii] 40 13.5 
comp22141_c0_seq1|m.3082 PREDICTED: cytochrome c oxidase subunit 4 isoform 1 39 5 
comp22733_c0_seq1|m.3215 hypothetical protein HELRODRAFT_185039  39 5 
comp54097_c0_seq1|m.17520 ---NA--- 39 4.7 
comp56395_c0_seq1|m.21012 hypothetical protein CAPTEDRAFT_164804  39 3.7 
comp57081_c0_seq1|m.22396 hypothetical protein CAPTEDRAFT_178991  39 1.8 
comp60381_c0_seq1|m.31964 hypothetical protein CAPTEDRAFT_20933  39 8.3 
comp60409_c3_seq1|m.32068 CaM kinase II alpha  39 5.7 
comp14198_c0_seq1|m.1649 PREDICTED: calcyphosin-like protein 38 6.2 
comp28595_c0_seq1|m.4579 ---NA--- 37 5.4 
comp37545_c0_seq1|m.6660 PREDICTED: ras-related protein Rab-7a  37 5.2 
comp66214_c3_seq16|m.82309 PREDICTED: uncharacterized protein LOC107342440 37 9.4 
comp66628_c0_seq1|m.89239 PREDICTED: 40S ribosomal protein S2  37 8.7 
comp66776_c0_seq1|m.89366 ---NA--- 37 6.8 
comp24507_c0_seq1|m.3662 ribosomal protein rpl31 36 6.1 
comp38608_c0_seq1|m.7058 hypothetical protein CAPTEDRAFT_179168 36 2.7 
comp56544_c0_seq1|m.21230 ---NA--- 36 5.2 
comp62528_c2_seq12|m.43128 Tubulin polymerization-promoting protein family member 2 36 8.7 
comp62664_c2_seq22|m.43988 PREDICTED: superoxide dismutase [Cu-Zn] 36 12.7 
comp64837_c0_seq1|m.62885 PREDICTED: arylsulfatase B [Cyprinodon variegatus] 36 2.1 
comp65888_c0_seq10|m.76688 hypothetical protein CAPTEDRAFT_184782  36 6.2 
comp30536_c0_seq1|m.4978 ribosomal protein rpl18a [Arenicola marina] 35 6.4 
comp60956_c1_seq10|m.34415 hypothetical protein CAPTEDRAFT_179776  35 8.7 
comp63037_c1_seq1|m.46496 tructure Of A Glutamate Receptor Ligand Binding Core 35 4.1 
comp65153_c0_seq1|m.66221 hypothetical protein LOTGIDRAFT_206222  35 1.3 
comp59492_c0_seq1|m.28590 PREDICTED: glucose-6-phosphate 1-dehydrogenase-like 34 4 
comp60318_c0_seq1|m.31751 Collagen alpha-1(IV) chain [Trichinella pseudospiralis] 34 5.3 
comp60824_c2_seq7|m.33832 hypothetical protein OCBIM_22020643mg  34 7.7 
comp65668_c0_seq2|m.74199 hypothetical protein CAPTEDRAFT_152656  34 4 
comp55446_c0_seq1|m.19367 hypothetical protein A3Q56_01412 [Intoshia linei] 33 4.7 
comp59615_c0_seq1|m.29078 PREDICTED: glutathione S-transferase 1-like 33 6.8 
comp59760_c0_seq12|m.29545 hypothetical protein CAPTEDRAFT_183261  33 1.3 
comp63344_c2_seq1|m.48637 hypothetical protein LOTGIDRAFT_125281, partial  33 3.4 
comp64891_c1_seq2|m.63428 PREDICTED: uncharacterized protein LOC106150935  33 6.6 
comp66848_c0_seq1|m.89412 ---NA--- 33 8.6 
comp61428_c0_seq1|m.36708 cytochrome b5 [Haliotis discus discus] 32 7.8 
comp63854_c3_seq1|m.52361 PREDICTED: perivitellin-2 67 kDa subunit-like 32 2.2 
comp64828_c0_seq5|m.62838 PREDICTED: uncharacterized protein LOC100371432  32 2.3 
comp66762_c0_seq1|m.89358 PREDICTED: C-Myc-binding protein-like  32 11.2 
comp74727_c0_seq1|m.90687 PREDICTED: GDP-L-fucose synthase 32 5 
comp31648_c0_seq1|m.5222 hypothetical protein CAPTEDRAFT_100118  31 6.2 
comp55963_c0_seq1|m.20243 hypothetical protein DAPPUDRAFT_49503, partial 31 3.3 
comp62013_c0_seq1|m.40133 hypothetical protein CAPTEDRAFT_179534  31 1.3 
comp63488_c0_seq1|m.49846 hypothetical protein LOTGIDRAFT_223566  31 2.9 
comp66310_c0_seq1|m.84003 Hexokinase type 2  31 9.9 
comp66622_c0_seq1|m.89230 PREDICTED: 60S ribosomal protein L5-like  31 7 
comp66642_c0_seq1|m.89253 ribosomal protein rpl12  31 9.3 
comp25803_c0_seq1|m.3944 AGAP001151-PA-like protein 30 6.1 
comp51168_c0_seq1|m.14217 PREDICTED: proteasome subunit beta type-5-like  30 4.5 
comp53711_c0_seq1|m.16992 PREDICTED: uncharacterized protein LOC109476338 30 3.3 
comp59538_c0_seq1|m.28701 PREDICTED: phosphatidylinositol transfer protein alpha 30 2.7 
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comp61831_c1_seq4|m.39356 ---NA--- 30 5.6 
comp65249_c0_seq1|m.67406 PREDICTED: uncharacterized protein LOC106475632 30 5.4 
comp66626_c0_seq1|m.89236 predicted protein [Nematostella vectensis] 30 4 
comp19417_c0_seq1|m.2579 ribosomal protein rpl40 29 11.2 
comp37976_c0_seq1|m.6822 PREDICTED: hypoxanthine-guanine phosphoribosyltransferase 29 5.2 
comp49342_c0_seq1|m.12631 PREDICTED: adenylyl cyclase-associated protein 2-like  29 4.8 
comp63188_c1_seq1|m.47474 PREDICTED: putative aminopeptidase W07G4.4  29 3.1 
comp66292_c0_seq1|m.83791 hypothetical protein TRIADDRAFT_54443  29 0.8 
comp22734_c0_seq1|m.3216 PREDICTED: transcription elongation factor B polypeptide 28 7.3 
comp59387_c1_seq1|m.28320 hypothetical protein CAPTEDRAFT_183405  28 4.4 
comp60885_c1_seq2|m.34072 PREDICTED: glutamine--fructose-6-phosphate aminotransferase  28 1.8 
comp61986_c0_seq1|m.39973 Phosphatidylinositol transfer protein alpha  28 6.1 
comp19266_c0_seq1|m.2559 hypothetical protein CAPTEDRAFT_174152  27 2.8 
comp22345_c0_seq1|m.3122 ribosomal protein rpl26  27 5.2 
comp45988_c0_seq1|m.10474 ---NA--- 27 4.5 
comp49136_c0_seq1|m.12480 PREDICTED: phosphoglycerate kinase 1-like  27 2.1 
comp63826_c8_seq1|m.52241 putative eukaryotic translation initiation factor 5A-1-like protein 27 6.7 
comp64038_c0_seq16|m.54009 PREDICTED: uncharacterized protein LOC101852371 27 1.1 
comp65191_c0_seq7|m.66705 PREDICTED: uncharacterized protein LOC106527413 27 3.1 
comp66643_c0_seq1|m.89254 40S ribosomal protein [Phragmatopoma lapidosa] 27 8.8 
comp38893_c0_seq3|m.7163 PREDICTED: 26S protease regulatory subunit 8 26 1.6 
comp41732_c0_seq1|m.8205 PREDICTED: T-complex protein 1 subunit alpha-like 26 1.8 
comp57064_c0_seq1|m.22354 hypothetical protein CAPTEDRAFT_18677  26 6.7 
comp63246_c6_seq1|m.47979 hypothetical protein CAPTEDRAFT_202714  26 3.6 
comp64511_c0_seq1|m.58704 PREDICTED: uncharacterized protein LOC106178715  26 1.4 
comp64727_c0_seq1|m.61738 hypothetical protein HELRODRAFT_71728, partial 26 2.8 
comp65422_c4_seq1|m.70163 AF156708_1alcohol dehydrogenase class 3 26 2.9 
comp66668_c0_seq1|m.89277 PREDICTED: glutathione S-transferase alpha-5-like  26 3 
comp51317_c0_seq1|m.14395 hypothetical protein CAPTEDRAFT_220756  25 4 
comp52951_c0_seq2|m.16003 PREDICTED: DNA topoisomerase I, mitochondrial-like isoform X2  25 0.9 
comp55385_c0_seq1|m.19278 hypothetical protein CAPTEDRAFT_180564  25 3.1 
comp57142_c0_seq1|m.22509 ---NA--- 25 2.6 
comp57653_c0_seq1|m.23734 ---NA--- 25 1.1 
comp65148_c1_seq1|m.66161 hypothetical protein CAPTEDRAFT_166358  25 6.3 
comp65947_c0_seq1|m.77504 PREDICTED: myosin heavy chain, non-muscle isoform X9 25 0.7 
comp66777_c0_seq1|m.89367 unnamed protein product [Tetraodon nigroviridis] 25 12 
comp67238_c0_seq1|m.89493 Tubulin beta-2C chain [Schistosoma japonicum] 25 12.7 
comp42001_c0_seq1|m.8334 hypothetical protein 24 9.9 
comp50616_c1_seq1|m.13674 ---NA--- 24 7.5 
comp60298_c0_seq2|m.31699 ---NA--- 24 5.1 
comp62581_c1_seq10|m.43396 hypothetical protein CAPTEDRAFT_223059  24 1.5 
comp65063_c3_seq1|m.65008 hypothetical protein CAPTEDRAFT_21487  24 2.5 
comp66781_c0_seq1|m.89372 PREDICTED: neurocalcin homolog [Nasonia vitripennis] 24 6.5 
comp35947_c0_seq1|m.6226 hypothetical protein CAPTEDRAFT_180238 23 9.9 
comp42414_c0_seq1|m.8499 PREDICTED: protein usf-like [Acropora digitifera] 23 8 
comp43783_c0_seq1|m.9061 ---NA--- 23 18.5 
comp55897_c0_seq1|m.20145 hypothetical protein CAPTEDRAFT_148401  23 2.4 
comp65422_c3_seq11|m.70128 hypothetical protein CAPTEDRAFT_165873, partial  23 3.1 
comp65985_c0_seq1|m.77875 PREDICTED: aquaporin-8-like isoform X1 23 4.3 
comp66893_c0_seq1|m.89430 hypothetical protein LOTGIDRAFT_188929  23 4.2 
comp19513_c0_seq1|m.2592 PREDICTED: 60S ribosomal protein L15  22 3.8 
comp26191_c0_seq1|m.4042 PREDICTED: UV excision repair protein RAD23 homolog B-like  22 2.4 
comp40166_c0_seq1|m.7598 PREDICTED: heterogeneous nuclear ribonucleoprotein D-like-A 22 4.8 
comp45889_c0_seq1|m.10407 PREDICTED: glioma pathogenesis-related protein 1-like  22 6.5 
comp66699_c0_seq1|m.89299 AChain A, Recombinant Actophorin 22 6.8 
comp47786_c0_seq1|m.11422 PREDICTED: T-complex protein 1 subunit zeta-like  21 1.9 
comp60072_c1_seq1|m.30970 ---NA--- 21 4.5 
comp64805_c0_seq2|m.62665 hypothetical protein CAPTEDRAFT_149244  21 2.4 
comp66102_c1_seq5|m.80104 PREDICTED: annexin A6-like  21 4.5 
comp66828_c0_seq1|m.89400 ---NA--- 21 7.9 
comp62979_c1_seq10|m.46023 PREDICTED: V-type proton ATPase 116 kDa subunit a isoform 1 20 5.3 
comp64138_c0_seq1|m.55178 fibulin-5-like [Scleropages formosus] 20 0.9 
comp66659_c0_seq1|m.89272 PREDICTED: 40S ribosomal protein S19-like  20 5.5 
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Table S3.4 Orthologous clusters of proteins from bioluminescent species. Cluster ID, number of proteins in the 
cluster, representative sequence and corresponding BLAST annotation. Only showing annotated clusters. 
 
Cluster  # Seqs Representative sequence BLAST description E-value 
cluster87 38 Oenopla|comp63915_c1_seq64 Transcription factor Ken 1.30E-05 
cluster115 35 Oenopla|comp64765_c0_seq13 Leech-derived tryptase inhibitor C 8.20E-06 
cluster150 32 Oenopla|comp65392_c1_seq13 Probable alpha-galactosidase 8.00E-59 
cluster165 31 Oenopla|comp64690_c3_seq4 Probable cytochrome P450 6a17 4.30E-49 
cluster331 24 Ophosphorea|comp51949_c0_seq45 Probable cytochrome P450 508D1 2.90E-05 
cluster300 24 Oenopla|comp66143_c0_seq21 Putative serine protease pcp-1 7.90E-76 
cluster347 23 Oenopla|comp59781_c0_seq90 Liprin-beta 2.20E-15 
cluster337 23 Oenopla|comp64131_c0_seq9 Moesin/ezrin/radixin homolog 1 8.60E-11 
cluster365 23 Ophosphorea|comp54855_c0_seq29 Tubulin glycylase 3A 7.60E-08 
cluster383 22 Oenopla|comp66150_c1_seq45 Cuticle collagen 10 8.00E-16 
cluster377 22 Oenopla|comp63717_c0_seq2 Innexin inx1 3.40E-25 
cluster472 20 Oenopla|comp62124_c0_seq1 Histone H3-like centromeric protein cpar-1 4.00E-10 
cluster626 18 Oenopla|comp64989_c0_seq28 6-pyruvoyl tetrahydrobiopterin synthase 9.90E-29 
cluster629 18 Oenopla|comp59443_c0_seq2 ABC transporter B family member 3 1.70E-16 
cluster612 18 Oenopla|comp65362_c0_seq39 Pre-mRNA-processing factor 39 2.00E-108 
cluster617 18 Oenopla|comp65315_c0_seq22 Protein crooked neck 3.40E-12 
cluster752 17 Ophosphorea|comp51460_c0_seq37 DEP domain-containing protein DDB_G0279099 1.80E-84 
cluster742 17 Ophosphorea|comp50746_c3_seq24 Egg peptide speract receptor 3.40E-33 
cluster695 17 Oenopla|comp65509_c0_seq41 Probable cytochrome P450 12a4, mitochondrial 4.00E-13 
cluster847 16 Oenopla|comp56787_c0_seq17 Protein lap4 6.90E-08 
cluster866 16 Oenopla|comp60800_c0_seq1 Spindle assembly abnormal protein 4 3.60E-05 
cluster953 15 Oenopla|comp66544_c1_seq24 Alpha-actinin, sarcomeric 2.20E-19 
cluster1052 15 Ophosphorea|comp51311_c1_seq12 Cell death protein 3 2.80E-31 
cluster984 15 Oenopla|comp60333_c4_seq1 Probable cytochrome P450 4p2 4.70E-48 
cluster1143 14 Oenopla|comp66214_c3_seq8 Acetylcholine receptor non-alpha chain 8.30E-14 
cluster1196 14 Oenopla|comp54496_c0_seq6 Claspin homolog 4.20E-06 
cluster1200 14 Oenopla|comp51262_c0_seq1 CUB and peptidase domain-containing protein 2  1.50E-11 
cluster1259 14 Ophosphorea|comp44441_c0_seq5 Myosin-I heavy chain 8.00E-11 
cluster1155 14 Oenopla|comp61922_c2_seq4 Probable RNA-directed DNA polymerase 4.70E-37 
cluster1189 14 Oenopla|comp65954_c0_seq4 Putative amine oxidase [copper-containing] 1.60E-46 
cluster1212 14 Oenopla|comp65451_c0_seq6 Ras-related protein Rab-3 9.90E-29 
cluster1149 14 Oenopla|comp63767_c2_seq22 Yolk ferritin 6.60E-15 
cluster1331 13 Oenopla|comp65509_c0_seq15 Cytochrome P450 6a2 8.50E-07 
cluster1513 13 Ophosphorea|comp46709_c0_seq4 Dehydrogenase/reductase SDR family protein 7-like 7.00E-19 
cluster1316 13 Oenopla|comp64501_c3_seq9 Probable maleylacetoacetate isomerase 3.50E-23 
cluster1787 12 Ophosphorea|comp55847_c0_seq1 Chymotrypsin-2 4.80E-27 
cluster1621 12 Oenopla|comp65509_c0_seq92 Cytochrome P450 6a2 8.80E-37 
cluster1661 12 Oenopla|comp54047_c0_seq1 Exostosin-1 6.70E-21 
cluster1600 12 Oenopla|comp66594_c0_seq1 FK506-binding protein 5 1.60E-05 
cluster1605 12 Oenopla|comp64811_c1_seq4 Insulin-like receptor  8.60E-27 
cluster1748 12 Ophosphorea|comp55362_c0_seq27 Mitochondrial substrate carrier family protein S 5.30E-11 
cluster1559 12 Oenopla|comp58371_c0_seq1 Probable glutathione S-transferase 8 1.60E-05 
cluster1956 11 Oenopla|comp66140_c0_seq6 ABC transporter B family member 6 8.90E-31 
cluster2124 11 Oenopla|comp64560_c0_seq1 Arylsulfatase 1.30E-44 
cluster1912 11 Oenopla|comp65478_c1_seq21 Ciliary WD repeat-containing protein ctxp80 5.40E-43 
cluster1918 11 Oenopla|comp63524_c0_seq5 Dynein heavy chain-like protein PF11_0240  9.40E-13 
cluster2174 11 Ophosphorea|comp50258_c0_seq1 Probable ubiquitin-conjugating enzyme E2 7 2.60E-11 
cluster1992 11 Oenopla|comp57308_c0_seq2 Ubiquitin conjugating enzyme E2 B 2.20E-12 
cluster1969 11 Oenopla|comp62040_c0_seq3 Uncharacterized protein F23F12.3 9.90E-28 
cluster2755 10 Ophosphorea|comp50467_c0_seq8 Alpha-latroinsectotoxin-Lt1a 3.40E-06 
cluster2515 10 Oenopla|comp60706_c6_seq4 BTB and MATH domain-containing protein 38 1.20E-16 
cluster2507 10 Oenopla|comp65995_c1_seq4 ETS-like protein pointed, isoform P2/D 3.10E-08 
cluster2626 10 Oenopla|comp100144_c0_seq1 Membrane alanyl aminopeptidase 1.90E-27 
cluster2478 10 Oenopla|comp65464_c0_seq12 Mitochondrial substrate carrier family protein L 3.60E-14 
cluster2473 10 Oenopla|comp66180_c0_seq12 Probable acid phosphatase DDB_G0284755 6.60E-13 
cluster2597 10 Oenopla|comp64059_c1_seq3 Probable cytochrome P450 516B1 1.10E-06 
cluster2820 10 Ophosphorea|comp53972_c0_seq12 Ras-like protein rasS 3.90E-53 
cluster2362 10 Oenopla|comp66555_c0_seq11 Retrovirus-related Pol polyprotein from type-1  7.30E-08 
cluster2447 10 Oenopla|comp65497_c1_seq12 Zinc finger protein odd-1 5.30E-08 
cluster3047 9 Oenopla|comp61928_c0_seq4 Actin-5C 8.00E-215 
cluster3404 9 Ophosphorea|comp51733_c1_seq10 Armadillo repeat-containing protein 6 homolog 1.10E-47 
cluster3418 9 Ophosphorea|comp45846_c0_seq8 Calmodulin 1.30E-11 
cluster3582 9 Ophosphorea|comp51776_c0_seq6 Gelsolin-related protein of 125 kDa 1.90E-11 
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cluster3412 9 Ophosphorea|comp54434_c1_seq31 GILT-like protein F37H8.5 7.00E-24 
cluster3712 9 Ophosphorea|comp53371_c0_seq14 Limulus clotting factor C 3.90E-20 
cluster3420 9 Ophosphorea|comp54134_c1_seq3 Origin recognition complex subunit 1 3.30E-06 
cluster3316 9 Oenopla|comp64015_c0_seq2 Probable inactive protein kinase DDB_G0270444 1.80E-10 
cluster3579 9 Ophosphorea|comp42069_c0_seq10 Probable serine carboxypeptidase CPVL 1.40E-08 
cluster3519 9 Ophosphorea|comp46969_c0_seq3 Putative sodium-dependent multivitamin transporter 3.20E-77 
cluster3476 9 Ophosphorea|comp45499_c0_seq17 Regulator of G-protein signaling egl-10 3.30E-43 
cluster3616 9 Ophosphorea|comp52560_c0_seq10 Rho-related protein racH 5.20E-32 
cluster3597 9 Ophosphorea|comp52819_c1_seq10 Tyrosine-protein kinase Dnt 1.40E-38 
cluster3085 9 Oenopla|comp66387_c0_seq3 Tyrosine-protein kinase receptor torso 8.60E-07 
cluster4263 8 Oenopla|comp61105_c1_seq6 Annexin E1 7.30E-06 
cluster4109 8 Oenopla|comp66496_c3_seq14 Beta-lactamase-like protein 2 homolog 2.50E-67 
cluster3952 8 Oenopla|comp64561_c2_seq2 Coronin-A 2.60E-16 
cluster4289 8 Oenopla|comp61778_c0_seq9 Cystatin-A1 7.00E-08 
cluster3987 8 Oenopla|comp61514_c0_seq3 Dihydrofolate reductase 7.50E-18 
cluster4879 8 Ophosphorea|comp53724_c0_seq6 Ecdysone-induced protein 74EF isoform B 2.80E-08 
cluster4024 8 Oenopla|comp66563_c0_seq21 GTP-binding protein Sar1B 1.60E-21 
cluster4123 8 Oenopla|comp64137_c2_seq20 Heterogeneous nuclear ribonucleoprotein 27C 3.00E-05 
cluster3948 8 Oenopla|comp55168_c0_seq2 Homeotic protein spalt-major 1.50E-07 
cluster4648 8 Ophosphorea|comp51393_c0_seq5 Homeotic protein spalt-major 7.80E-07 
cluster4046 8 Oenopla|comp64847_c2_seq2 Peptidyl-prolyl cis-trans isomerase, rhodopsin-specific  5.10E-42 
cluster4228 8 Oenopla|comp66199_c2_seq4 Polycomb protein PHO 4.30E-13 
cluster4029 8 Oenopla|comp42597_c0_seq1 Post-GPI attachment to proteins factor 2 3.10E-36 
cluster3927 8 Oenopla|comp63385_c1_seq4 Probable glucuronosyltransferase sqv-8 8.90E-39 
cluster4883 8 Ophosphorea|comp49464_c0_seq11 Probable RNA-directed DNA polymerase 4.90E-33 
cluster4614 8 Ophosphorea|comp53942_c3_seq16 Prostaglandin F synthase 2.00E-47 
cluster4611 8 Ophosphorea|comp50098_c1_seq23 Protein doublesex 1.30E-15 
cluster4527 8 Ophosphorea|comp52239_c0_seq3 Protein suppressor of hairy wing 2.80E-06 
cluster4357 8 Oenopla|comp64049_c0_seq4 RNA-directed DNA polymerase from mobile element  5.70E-20 
cluster4098 8 Oenopla|comp65463_c0_seq20 Sodium-dependent acetylcholine transporter 2.80E-111 
cluster4328 8 Oenopla|comp63234_c0_seq5 UPF0740 protein v1g200856 6.80E-19 
cluster5796 7 Oenopla|comp61928_c0_seq6 Actin 6.20E-215 
cluster6274 7 Ophosphorea|comp54730_c0_seq1 Alpha-latrocrustotoxin-Lt1a 1.40E+00 
cluster6066 7 Ophosphorea|comp50472_c0_seq15 Bifunctional purine biosynthetic protein purD 5.20E-75 
cluster6398 7 Ophosphorea|comp49048_c0_seq5 CAAX prenyl protease 2 7.20E-67 
cluster5511 7 Oenopla|comp63912_c0_seq4 Cell division control protein 2 homolog 6.50E-08 
cluster5429 7 Oenopla|comp62593_c0_seq17 Coatomer subunit beta  4.30E-11 
cluster5491 7 Oenopla|comp61484_c1_seq65 Cytochrome P450 6a22 1.90E-08 
cluster5137 7 Oenopla|comp65062_c0_seq8 Enhancer of split m3 protein 2.50E-13 
cluster6103 7 Ophosphorea|comp52144_c0_seq3 ER membrane protein complex subunit 8/9 homolog 9.40E-20 
cluster5543 7 Oenopla|comp57758_c0_seq3 Escargot/snail protein homolog 6.40E-06 
cluster5475 7 Oenopla|comp65628_c2_seq1 Galactosylgalactosylxylosylprotein 3-beta 4.40E-40 
cluster6152 7 Ophosphorea|comp50364_c3_seq5 Histone-lysine N-methyltransferase Su(var)3-9 6.20E-20 
cluster5991 7 Ophosphorea|comp52889_c1_seq16 Probable mitochondrial pyruvate carrier 1 2.30E-30 
cluster5224 7 Oenopla|comp60317_c0_seq1 Prolyl 4-hydroxylase subunit alpha-2 3.30E-34 
cluster5797 7 Oenopla|comp42487_c0_seq1 Protein ovo 5.90E-08 
cluster5461 7 Oenopla|comp63676_c1_seq5 Protein toll 2.40E-09 
cluster5551 7 Oenopla|comp59463_c0_seq1 Putative uncharacterized transposon-derived protein 4.40E-19 
cluster5734 7 Oenopla|comp47814_c0_seq1 Quinone oxidoreductase-like protein 2 homolog 1.90E-16 
cluster5163 7 Oenopla|comp59818_c0_seq1 Retrovirus-related Pol polyprotein from type-1  3.20E-16 
cluster5249 7 Oenopla|comp59749_c0_seq6 Retrovirus-related Pol polyprotein from type-1  9.00E-12 
cluster5306 7 Oenopla|comp54885_c0_seq4 Retrovirus-related Pol polyprotein from type-1  6.30E-09 
cluster5420 7 Oenopla|comp65519_c0_seq26 Transcription factor Ken 1  3.60E-05 
cluster5153 7 Oenopla|comp64223_c0_seq2 WSCD family member GA21586 8.00E-27 
cluster5217 7 Oenopla|comp63494_c1_seq6 Xanthine dehydrogenase 1.60E-36 
cluster5761 7 Oenopla|comp33144_c0_seq1 Zinc finger protein odd-1 6.60E-13 
cluster8312 6 Ophosphorea|comp41833_c0_seq1 Acetylcholine receptor non-alpha chain 1.90E-16 
cluster7222 6 Oenopla|comp53202_c0_seq2 Alcohol dehydrogenase class-3 1.10E-126 
cluster8349 6 Ophosphorea|comp48938_c1_seq10 Aldehyde dehydrogenase family 3 comG 2.00E-48 
cluster6923 6 Oenopla|comp59057_c0_seq4 APOPT family protein CG14806, mitochondrial 2.50E-23 
cluster8036 6 Ophosphorea|comp54898_c1_seq6 Bromodomain and WD repeat-containing  5.20E-03 
cluster7752 6 Oenopla|comp57868_c0_seq2 Coiled-coil domain-containing protein 1 6.70E-11 
cluster7419 6 Oenopla|comp61457_c0_seq3 Cuticle collagen dpy-2 9.00E-10 
cluster7522 6 Oenopla|comp62545_c0_seq56 Dynamin-A 2.80E-46 
cluster7089 6 Oenopla|comp59615_c0_seq3 Elongation factor 1-gamma 9.90E-07 
cluster8243 6 Ophosphorea|comp55156_c1_seq10 Escargot/snail protein homolog 2.30E-06 
cluster7314 6 Oenopla|comp51224_c0_seq6 Fibropellin-1 1.10E-17 
cluster7870 6 Ophosphorea|comp49354_c0_seq6 Helix-loop-helix 34 4.80E-08 
cluster8217 6 Ophosphorea|comp23586_c0_seq1 Inositol 1,4,5-trisphosphate receptor-like protein A 3.50E-20 
cluster8367 6 Ophosphorea|comp55255_c0_seq4 Kinesin-related protein 11 4.50E-12 
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cluster6949 6 Oenopla|comp62667_c1_seq10 LIM and SH3 domain protein F42H10.3 3.10E-41 
cluster7852 6 Oenopla|comp64007_c0_seq1 Microtubule-associated protein Jupiter  5.70E-05 
cluster7292 6 Oenopla|comp63513_c0_seq43 Mitochondrial substrate carrier family protein X 1.90E-07 
cluster7085 6 Oenopla|comp61740_c0_seq1 Multiple exostoses homolog 1 1.50E-18 
cluster7923 6 Ophosphorea|comp42544_c1_seq1 NF-kappa-B inhibitor cactus 2.10E-10 
cluster6964 6 Oenopla|comp60764_c0_seq28 Nuclear hormone receptor family member nhr-64 1.60E-22 
cluster7268 6 Oenopla|comp65635_c0_seq3 Nucleoporin GLE1 9.70E-05 
cluster6977 6 Oenopla|comp57621_c0_seq8 Organic cation transporter-like protein 1.10E-59 
cluster8646 6 Ophosphorea|comp52362_c0_seq1 Probable serine/threonine-protein kinase  1.40E-06 
cluster8761 6 Ophosphorea|comp48226_c2_seq8 Probable serine/threonine-protein kinase glkA 2.70E-09 
cluster8154 6 Ophosphorea|comp52471_c0_seq19 Protein 4.1 homolog 8.50E-47 
cluster8341 6 Ophosphorea|comp52990_c0_seq3 Protein arginine N-methyltransferase 5 1.60E-61 
cluster8077 6 Ophosphorea|comp45983_c0_seq1 Protein ovo 4.90E-11 
cluster7361 6 Oenopla|comp63355_c1_seq2 Protein ref(2)P 3.40E-07 
cluster7401 6 Oenopla|comp61161_c1_seq24 Protein suppressor of hairy wing 2.90E-05 
cluster7193 6 Oenopla|comp28384_c0_seq2 Putative ATP-dependent DNA helicase Q1  1.50E-17 
cluster8104 6 Ophosphorea|comp53014_c0_seq2 Putative sodium-dependent multivitamin transporter 2.10E-58 
cluster8278 6 Ophosphorea|comp47186_c0_seq3 RCC1 repeat-containing protein DDB_G0284033 6.90E-11 
cluster6939 6 Oenopla|comp62272_c0_seq9 Ribosome biogenesis protein BOP1 homolog  4.90E-05 
cluster6911 6 Oenopla|comp62734_c0_seq11 Solute carrier family 35 member B1 3.20E-44 
cluster8113 6 Ophosphorea|comp52109_c1_seq9 Spastin {ECO:0000255|HAMAP-Rule:MF_03021} 5.10E-20 
cluster9498 5 Oenopla|comp56374_c0_seq2 5'-3' exoribonuclease 2 homolog 4.80E-05 
cluster10799 5 Ophosphorea|comp54597_c0_seq8 ABC transporter C family member 5 1.80E-12 
cluster9813 5 Oenopla|comp53666_c0_seq4 Abnormal pharyngeal pumping eat-20  3.50E-14 
cluster11092 5 Ophosphorea|comp47415_c0_seq2 Acetylcholine receptor subunit beta-type acr-2 5.20E-19 
cluster9556 5 Oenopla|comp61371_c2_seq1 Alpha-(1,3)-fucosyltransferase C 2.70E-45 
cluster11133 5 Ophosphorea|comp52091_c1_seq21 Ankyrin repeat and KH domain-containing protein  2.00E-06 
cluster9853 5 Oenopla|comp65746_c0_seq6 Aspartic and glutamic acid-rich protein  3.30E-06 
cluster10254 5 Oenopla|comp64556_c1_seq1 Brain tumor protein 8.90E-06 
cluster10769 5 Ophosphorea|comp48750_c0_seq1 Brain tumor protein 1.30E-05 
cluster9923 5 Oenopla|comp64072_c0_seq8 Cell division control protein 2 homolog 8.50E-17 
cluster9613 5 Oenopla|comp59376_c0_seq2 Collagen alpha-2(IV) chain 4.10E-05 
cluster9701 5 Oenopla|comp60179_c0_seq6 Conjugation stage-specific protein 5.70E-26 
cluster9692 5 Oenopla|comp64991_c3_seq3 Cytochrome P450 6g1 1.10E-06 
cluster10877 5 Ophosphorea|comp52092_c0_seq7 Cytoplasmic dynein 2 heavy chain 1 9.20E-28 
cluster9942 5 Oenopla|comp61311_c0_seq3 Dehydrogenase/reductase SDR family member 4 5.70E-10 
cluster10207 5 Oenopla|comp62545_c0_seq19 Dynamin-like protein A 3.90E-10 
cluster9535 5 Oenopla|comp50029_c2_seq1 Dynein heavy chain-like protein PF11_0240  2.20E-53 
cluster9967 5 Oenopla|comp64098_c3_seq4 Failed axon connections 4.90E-12 
cluster10829 5 Ophosphorea|comp50119_c0_seq3 Guanine nucleotide-binding protein G(i) subunit alpha 3.40E-58 
cluster10532 5 Oenopla|comp48003_c0_seq2 Heavy metal-binding protein HIP 7.00E-05 
cluster9589 5 Oenopla|comp63248_c0_seq2 Histone-lysine N-methyltransferase, H3 lysine-79  4.80E-09 
cluster11886 5 Ophosphorea|comp54656_c0_seq2 Integrin beta pat-3 4.00E-26 
cluster9824 5 Oenopla|comp65315_c0_seq30 Kynurenine--oxoglutarate transaminase 1.50E-19 
cluster10159 5 Oenopla|comp60594_c0_seq9 Leucine-rich repeat serine/threonine-protein kinase 1  1.40E-11 
cluster11215 5 Ophosphorea|comp54836_c1_seq19 Myb-like protein I 2.00E-06 
cluster10299 5 Oenopla|comp63854_c3_seq3 Perivitellin-2 67 kDa subunit 1.90E-90 
cluster12104 5 Oenopla|comp62664_c2_seq10 Probable 5-hydroxyisourate hydrolase ZK697.8 1.80E-24 
cluster11607 5 Ophosphorea|comp53011_c4_seq42 Probable 6-phosphofructo-2-kinase/fructose 2.00E-64 
cluster11547 5 Ophosphorea|comp51702_c1_seq16 Probable Rho GTPase-activating protein CG5521 3.50E-45 
cluster11058 5 Ophosphorea|comp54904_c0_seq43 Probable serine/threonine-protein kinase  1.30E-05 
cluster10461 5 Oenopla|comp58099_c0_seq10 Probable splicing factor, arginine/serine-rich 5 1.70E-10 
cluster9747 5 Oenopla|comp65445_c3_seq1 Protein anon-37Cs 8.50E-15 
cluster11666 5 Ophosphorea|comp52697_c1_seq5 Protein bowel 1.30E-06 
cluster10916 5 Ophosphorea|comp49205_c0_seq2 Protein DDB_G0276689 1.20E-19 
cluster9578 5 Oenopla|comp65642_c0_seq4 Protein Hook homolog 7.10E-13 
cluster10731 5 Ophosphorea|comp47344_c0_seq35 Protein psiA 3.90E-09 
cluster10234 5 Oenopla|comp63925_c2_seq7 Protein snail 4.70E-07 
cluster9573 5 Oenopla|comp48830_c0_seq2 Protein suppressor of hairy wing 7.80E-06 
cluster10255 5 Oenopla|comp66325_c0_seq1 Protein SWAP 1.20E-06 
cluster11340 5 Ophosphorea|comp6938_c0_seq1 Protein toll 9.40E-11 
cluster11373 5 Ophosphorea|comp55055_c0_seq10 Putative cell division cycle ATPase 5.80E-46 
cluster9915 5 Oenopla|comp56110_c0_seq15 Putative inorganic phosphate cotransporter 5.80E-107 
cluster11209 5 Ophosphorea|comp55008_c0_seq3 Retrovirus-related Pol polyprotein from transposon  1.10E-67 
cluster10086 5 Oenopla|comp18239_c0_seq1 Retrovirus-related Pol polyprotein from transposon opus 6.70E-20 
cluster11681 5 Ophosphorea|comp52427_c1_seq2 Serum response factor homolog 1.40E-06 
cluster11028 5 Ophosphorea|comp53664_c0_seq8 Slowpoke-binding protein 5.10E-40 
cluster10593 5 Oenopla|comp64561_c0_seq13 Sodium- and chloride-dependent GABA transporter ine 1.10E-74 
cluster9917 5 Oenopla|comp60897_c0_seq2 Sodium-dependent nutrient amino acid transporter 1  3.40E-69 
cluster10313 5 Oenopla|comp65704_c4_seq1 Trafficking protein particle complex subunit 1 4.30E-31 
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cluster10740 5 Ophosphorea|comp46112_c1_seq1 Transcriptional regulator ATRX homolog 3.90E-05 
cluster11225 5 Ophosphorea|comp53864_c1_seq20 Transient receptor potential channel pyrexia 8.00E-07 
cluster12083 5 Oenopla|comp66224_c0_seq1 Transient receptor potential channel pyrexia 5.90E-26 
cluster11578 5 Ophosphorea|comp52039_c1_seq3 Uncharacterized J domain-containing protein  9.70E-07 
cluster10228 5 Oenopla|comp88996_c0_seq1 Uncharacterized WD repeat-containing protein F52C9.1 9.80E-07 
cluster10321 5 Oenopla|comp62688_c0_seq1 Zinc finger protein squeeze 5.60E-11 
cluster13840 4 Oenopla|comp33402_c0_seq1 39S ribosomal protein L22, mitochondrial 2.50E-44 
cluster13558 4 Oenopla|comp52255_c0_seq2 Activating transcription factor of chaperone  3.70E-13 
cluster13134 4 Oenopla|comp56977_c0_seq1 Alkyldihydroxyacetonephosphate synthase 6.30E-17 
cluster13073 4 Oenopla|comp63758_c2_seq5 Alpha-L-fucosidase 5.60E-109 
cluster15563 4 Ophosphorea|comp50362_c2_seq5 Alpha-latrotoxin-Lh1a 3.60E-06 
cluster13441 4 Oenopla|comp64405_c0_seq7 Alpha-protein kinase vwkA 3.10E-71 
cluster13706 4 Oenopla|comp57569_c0_seq2 ATPase inhibitor mai-1, mitochondrial 9.60E-20 
cluster15155 4 Ophosphorea|comp36553_c0_seq1 C-terminal-binding protein 3.20E-24 
cluster13955 4 Oenopla|comp62360_c0_seq2 Cadherin-4 4.70E-07 
cluster14945 4 Ophosphorea|comp37610_c0_seq1 Cadherin-4 4.60E-07 
cluster13548 4 Oenopla|comp62019_c0_seq7 Calmodulin-2 2.50E-45 
cluster13355 4 Oenopla|comp49339_c0_seq2 cAMP-dependent protein kinase type II  3.60E-16 
cluster14164 4 Oenopla|comp58918_c0_seq1 Cell death protein 3 1.40E-16 
cluster15046 4 Ophosphorea|comp48943_c0_seq9 Cell division control protein 2 homolog 5.50E-17 
cluster15343 4 Ophosphorea|comp46906_c0_seq3 Chromodomain-helicase-DNA-binding protein Mi-2  9.40E-07 
cluster13665 4 Oenopla|comp64043_c0_seq13 Copine-F 8.00E-59 
cluster16479 4 Oenopla|comp66019_c0_seq1 Cuticle collagen 10 2.50E-06 
cluster14556 4 Ophosphorea|comp55173_c0_seq2 Cytochrome P450 4d2 1.60E-30 
cluster13956 4 Oenopla|comp71838_c0_seq1 Dehydrogenase/reductase SDR family protein 7-like 5.00E-14 
cluster14184 4 Oenopla|comp59571_c2_seq21 dTDP-D-glucose 4,6-dehydratase 5.10E-19 
cluster16613 4 Oenopla|comp14826_c0_seq1 Dual specificity protein kinase shkB 6.80E-17 
cluster13211 4 Oenopla|comp62793_c0_seq1 Dwarfin sma-3 1.90E-40 
cluster13352 4 Oenopla|comp66162_c1_seq24 Escargot/snail protein homolog 2.60E-06 
cluster16429 4 Oenopla|comp60611_c0_seq5 Fibroblast growth factor receptor 1 6.00E-34 
cluster14519 4 Ophosphorea|comp36756_c0_seq2 G8 domain-containing protein DDB_G0286311 6.40E-05 
cluster13531 4 Oenopla|comp65303_c1_seq2 Glutamic acid-rich protein 1.40E-07 
cluster16359 4 Oenopla|comp57890_c0_seq10 Glycogen phosphorylase 2 1.30E-49 
cluster13343 4 Oenopla|comp63238_c1_seq1 Heparan sulfate 2-O-sulfotransferase pipe 6.80E-20 
cluster13517 4 Oenopla|comp50438_c0_seq4 Histone H1.5 1.30E-17 
cluster15870 4 Ophosphorea|comp51391_c2_seq3 Hydroxyacid oxidase 1.80E-38 
cluster14996 4 Ophosphorea|comp49411_c0_seq4 Innexin inx2 4.80E-14 
cluster13453 4 Oenopla|comp15084_c0_seq2 Inositol hexakisphosphate and diphosphoinositol-kinase 2.20E-25 
cluster13231 4 Oenopla|comp63964_c0_seq2 Mitochondrial prohibitin complex protein 2 2.70E-63 
cluster13620 4 Oenopla|comp58386_c0_seq2 Muscle M-line assembly protein unc-89 1.80E-07 
cluster15562 4 Ophosphorea|comp51573_c1_seq7 Muscle-specific protein 20 4.10E-26 
cluster16471 4 Oenopla|comp56612_c0_seq1 Myb-like protein O 5.80E-06 
cluster13519 4 Oenopla|comp51683_c1_seq3 Myosin heavy chain, non-muscle 2.00E-05 
cluster15750 4 Ophosphorea|comp33829_c0_seq3 Myosin-1 4.30E-06 
cluster14547 4 Ophosphorea|comp52597_c1_seq13 Myosin-M heavy chain 1.50E-19 
cluster15443 4 Ophosphorea|comp54149_c0_seq3 Nucleolar protein 58 2.50E-09 
cluster13169 4 Oenopla|comp63725_c1_seq1 Organic cation transporter-like protein 5.50E-82 
cluster13805 4 Oenopla|comp22753_c0_seq1 Peptidyl-prolyl cis-trans isomerase 2.80E-29 
cluster14475 4 Ophosphorea|comp45940_c0_seq5 Peptidyl-prolyl cis-trans isomerase 1.30E-31 
cluster13524 4 Oenopla|comp58097_c0_seq2 Peroxisomal coenzyme A diphosphatase ndx-8 7.30E-15 
cluster13015 4 Oenopla|comp59510_c0_seq4 Platelet-activating factor acetylhydrolase IB subunit  4.50E-35 
cluster14692 4 Ophosphorea|comp51970_c4_seq6 Post-GPI attachment to proteins factor 2 8.70E-43 
cluster15844 4 Ophosphorea|comp53428_c0_seq3 Probable glutaryl-CoA dehydrogenase, mitochondrial 1.40E-41 
cluster16313 4 Ophosphorea|comp53644_c0_seq47 Probable inactive serine/threonine-protein kinase  2.80E-08 
cluster13567 4 Oenopla|comp59834_c0_seq1 Probable iron/ascorbate oxidoreductase  4.20E-18 
cluster13563 4 Oenopla|comp65727_c0_seq3 Probable polyketide synthase 2 3.40E-56 
cluster14915 4 Ophosphorea|comp33444_c0_seq1 Probable polyketide synthase 44 4.00E-12 
cluster13451 4 Oenopla|comp60004_c2_seq18 Probable serine/threonine-protein kinase  5.40E-08 
cluster14794 4 Ophosphorea|comp54722_c0_seq5 Probable serine/threonine-protein kinase  9.40E-34 
cluster13335 4 Oenopla|comp65433_c2_seq1 Protein ariadne-1 2.10E-10 
cluster13032 4 Oenopla|comp51423_c0_seq5 Protein cab-1 1.10E-20 
cluster14710 4 Ophosphorea|comp50098_c1_seq5 Protein doublesex 1.80E-15 
cluster13171 4 Oenopla|comp62028_c1_seq17 Protein elav 9.40E-19 
cluster14896 4 Ophosphorea|comp51123_c1_seq5 Protein fem-1 homolog CG6966 2.40E-06 
cluster15889 4 Ophosphorea|comp53051_c1_seq1 Protein krueppel 1.50E-06 
cluster13221 4 Oenopla|comp52468_c0_seq4 Protein lap1 1.70E-14 
cluster14893 4 Ophosphorea|comp50300_c1_seq9 Protein snail 2.30E-10 
cluster14830 4 Ophosphorea|comp51405_c1_seq3 Protein transport protein SEC24 9.00E-119 
cluster13067 4 Oenopla|comp66106_c0_seq22 Ras-related protein Rab-1 1.10E-25 
cluster15399 4 Ophosphorea|comp55481_c0_seq1 Retrovirus-related Pol polyprotein from transposon 412 1.80E-50 
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cluster14185 4 Oenopla|comp63184_c0_seq1 Retrovirus-related Pol polyprotein from transposon  7.80E-30 
cluster13509 4 Oenopla|comp47855_c0_seq4 Retrovirus-related Pol polyprotein from type-1  9.70E-10 
cluster13691 4 Oenopla|comp57433_c0_seq2 Serine--pyruvate aminotransferase 1.40E-90 
cluster13346 4 Oenopla|comp54537_c0_seq4 Sodium channel protein 60E 1.10E-09 
cluster13400 4 Oenopla|comp66243_c7_seq14 T-complex protein 1 subunit zeta 6.80E-50 
cluster16015 4 Ophosphorea|comp49670_c3_seq1 Transient receptor potential cation channel subfamily A  2.00E-08 
cluster14129 4 Oenopla|comp47934_c1_seq2 tRNA (guanine-N(7)-)-methyltransferase non-catalytic  1.40E-13 
cluster14595 4 Ophosphorea|comp50968_c0_seq3 Ubiquitin carboxyl-terminal hydrolase 46 1.10E-22 
cluster14146 4 Oenopla|comp65861_c1_seq11 Uncharacterized protein DDB_G0286299 2.40E-08 
cluster13301 4 Oenopla|comp59666_c0_seq7 UPF0160 protein 8.90E-85 
cluster13209 4 Oenopla|comp64211_c4_seq6 Vacuolar protein-sorting-associated protein 25 9.60E-41 
cluster13204 4 Oenopla|comp65114_c0_seq6 Variant-silencing SET domain-containing protein 6.30E-06 
cluster15135 4 Ophosphorea|comp39721_c0_seq2 WSCD family member GA21586 4.70E-21 
cluster15901 4 Ophosphorea|comp48165_c0_seq3 Zinc finger matrin-type protein CG9776 6.10E-05 
cluster20222 3 Ophosphorea|comp48208_c1_seq3 26S proteasome non-ATPase regulatory subunit 1 3.10E-37 
cluster21289 3 Ophosphorea|comp53597_c0_seq2 3-hydroxyacyl-CoA dehydrogenase type-2 6.60E-06 
cluster20254 3 Ophosphorea|comp42746_c0_seq1 ABC transporter B family member 3 2.10E-28 
cluster20228 3 Ophosphorea|comp52548_c0_seq1 Acetylcholine receptor subunit alpha-type unc-63 5.10E-11 
cluster21048 3 Ophosphorea|comp44152_c0_seq2 ADP-ribosylation factor L 1.80E-08 
cluster20133 3 Ophosphorea|comp34231_c0_seq1 Alpha-(1,3)-fucosyltransferase C 2.10E-27 
cluster19185 3 Oenopla|comp65493_c1_seq3 Annexin A7 2.10E-15 
cluster20400 3 Ophosphorea|comp52719_c0_seq2 Astacin-like metalloprotease toxin 4 7.20E-09 
cluster21295 3 Ophosphorea|comp42423_c0_seq2 Astacin-like metalloprotease toxin 4 2.80E-06 
cluster21489 3 Ophosphorea|comp53644_c0_seq46 Ataxin-2 homolog 2.20E-08 
cluster18483 3 Oenopla|comp57569_c0_seq4 ATPase inhibitor mai-1, mitochondrial 6.00E-19 
cluster22211 3 Oenopla|comp50755_c0_seq1 Axonemal 84 kDa protein 5.30E-04 
cluster18826 3 Oenopla|comp65723_c2_seq2 B lymphocyte-induced maturation protein 1 homolog  1.70E-09 
cluster19197 3 Oenopla|comp2628_c0_seq1 Cadherin-86C 2.10E-06 
cluster19033 3 Oenopla|comp62406_c0_seq5 Calmodulin 1.10E-09 
cluster22341 3 Oenopla|comp65643_c3_seq1 Calpain-A 2.80E-21 
cluster18347 3 Oenopla|comp65809_c2_seq4 Charged multivesicular body protein 1 4.90E-54 
cluster19336 3 Oenopla|comp54177_c0_seq1 Cofilin/actin-depolymerizing factor homolog 5.20E-09 
cluster21162 3 Ophosphorea|comp46243_c0_seq1 COMM domain-containing protein 1 3.40E-12 
cluster22085 3 Oenopla|comp64075_c0_seq1 COMM domain-containing protein 10 9.80E-29 
cluster19109 3 Oenopla|comp66150_c1_seq111 Cuticle collagen sqt-1 2.30E+00 
cluster19515 3 Oenopla|comp54904_c0_seq1 Cystathionine beta-synthase 1.20E-47 
cluster18761 3 Oenopla|comp59112_c2_seq1 Cytidine monophosphate-N-acetylneuraminic acid  1.00E-58 
cluster20138 3 Ophosphorea|comp48769_c0_seq2 DDB1- and CUL4-associated factor 10 homolog 2.10E-83 
cluster20951 3 Ophosphorea|comp12291_c0_seq1 Dual specificity protein kinase splB 6.70E-05 
cluster18493 3 Oenopla|comp54805_c0_seq2 Dynein light chain Tctex-type 6.20E-30 
cluster20245 3 Ophosphorea|comp42032_c0_seq2 Elongation factor 1-gamma 7.30E-05 
cluster21573 3 Ophosphorea|comp50725_c0_seq1 Enolase-phosphatase E1  7.60E-10 
cluster18296 3 Oenopla|comp62724_c1_seq9 Exportin-1 6.90E-78 
cluster18592 3 Oenopla|comp62724_c1_seq2 Exportin-1 1.40E-30 
cluster20338 3 Ophosphorea|comp45464_c0_seq3 Eye-specific diacylglycerol kinase 7.80E-57 
cluster20352 3 Ophosphorea|comp30998_c0_seq1 Fat-like cadherin-related tumor suppressor homolog 7.00E-13 
cluster19358 3 Oenopla|comp63183_c1_seq2 Fibroblast growth factor receptor 1 1.60E-25 
cluster19687 3 Ophosphorea|comp38813_c0_seq3 Fibropellin-1 2.10E-05 
cluster21937 3 Oenopla|comp46564_c0_seq1 G-protein coupled receptor GRL101 3.60E-05 
cluster18234 3 Oenopla|comp55734_c0_seq1 General transcription factor IIF subunit 1 2.30E-06 
cluster20312 3 Ophosphorea|comp51063_c0_seq2 Glutathione S-transferase 1 6.00E-16 
cluster19044 3 Oenopla|comp48896_c0_seq1 Glutathione transferase omega-1 1.20E-28 
cluster19672 3 Ophosphorea|comp43939_c0_seq1 GTP-binding protein Sar1 1.80E-12 
cluster20977 3 Ophosphorea|comp50119_c0_seq14 Guanine nucleotide-binding protein alpha-17 subunit 8.60E-25 
cluster18775 3 Oenopla|comp64190_c0_seq2 Heat shock protein 26 7.30E-06 
cluster19768 3 Ophosphorea|comp52135_c0_seq20 Heat shock protein Hsp-16.48/Hsp-16.49 2.80E-07 
cluster18764 3 Oenopla|comp59573_c1_seq10 High molecular weight form of myosin-1 2.70E-07 
cluster21878 3 Oenopla|comp58805_c0_seq2 Homeobox protein caupolican 4.60E-09 
cluster21899 3 Oenopla|comp60640_c0_seq1 Homeobox protein H17 3.30E-10 
cluster21484 3 Ophosphorea|comp60847_c0_seq1 Homeotic protein ocelliless 9.50E-06 
cluster20904 3 Ophosphorea|comp19021_c0_seq3 Inositol 1,4,5-trisphosphate receptor itr-1  1.30E-27 
cluster18242 3 Oenopla|comp64302_c1_seq25 Insulin receptor substrate 1  8.30E-43 
cluster18343 3 Oenopla|comp46300_c0_seq1 Interference hedgehog  1.50E-07 
cluster18902 3 Oenopla|comp64112_c0_seq7 Kinesin-like protein KLP2 3.80E-50 
cluster19382 3 Oenopla|comp65742_c0_seq1 Kunitz-type serine protease inhibitor Bi-KTI 1.20E-05 
cluster21287 3 Ophosphorea|comp38334_c0_seq1 Leucine-rich repeat serine/threonine-protein kinase 1  4.80E-07 
cluster21005 3 Ophosphorea|comp46871_c0_seq1 LIM domain-containing protein C 5.10E-12 
cluster20212 3 Ophosphorea|comp45666_c0_seq1 Limulus clotting factor C 9.60E-13 
cluster19408 3 Oenopla|comp49957_c0_seq1 Low-density lipoprotein receptor-related protein 3.40E-09 
cluster21463 3 Ophosphorea|comp46890_c1_seq1 Low-density lipoprotein receptor-related protein 3.60E-17 
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cluster21150 3 Ophosphorea|comp32669_c0_seq2 Luciferin 4-monooxygenase 1.50E-18 
cluster20720 3 Ophosphorea|comp48422_c0_seq1 Methionine aminopeptidase 1  5.00E-62 
cluster20234 3 Ophosphorea|comp46316_c0_seq1 Midasin 8.70E-13 
cluster20668 3 Ophosphorea|comp45038_c0_seq1 MIP18 family protein CG7949 1.10E-12 
cluster20557 3 Ophosphorea|comp51204_c0_seq2 Mucin-like protein  3.00E-20 
cluster20100 3 Ophosphorea|comp53999_c0_seq13 Multidrug resistance protein 3.30E-06 
cluster21071 3 Ophosphorea|comp53023_c0_seq19 Muscle calcium channel subunit alpha-1 2.30E-20 
cluster20677 3 Ophosphorea|comp53559_c0_seq2 Myosin heavy chain, clone 203 9.40E-08 
cluster20034 3 Ophosphorea|comp54733_c0_seq3 Myosin heavy chain, striated muscle 2.40E-05 
cluster22458 3 Oenopla|comp65187_c0_seq7 Myosin-3 9.30E-09 
cluster19366 3 Oenopla|comp18880_c0_seq1 N-acetylgalactosaminyltransferase 4 3.50E-32 
cluster18479 3 Oenopla|comp55682_c0_seq7 NDRG-like protein 3.10E-27 
cluster21024 3 Ophosphorea|comp53761_c0_seq14 Netrin-A 3.40E-22 
cluster21522 3 Ophosphorea|comp52581_c0_seq9 NF-kappa-B inhibitor cactus 5.00E-06 
cluster20840 3 Ophosphorea|comp49461_c0_seq7 Nitric oxide synthase 4.50E-40 
cluster18494 3 Oenopla|comp54737_c0_seq2 Nucleoside-triphosphatase ntp-1 9.10E-22 
cluster18741 3 Oenopla|comp54644_c0_seq1 P-granule-associated novel protein 1 2.50E-05 
cluster19406 3 Oenopla|comp18817_c0_seq1 Peroxiredoxin-like protein DDB_G0282517 6.00E-46 
cluster19512 3 Oenopla|comp42041_c0_seq1 Polycomb protein PHO 1.10E-15 
cluster18191 3 Oenopla|comp56759_c0_seq3 Polycystic kidney disease 1-related protein  3.20E-75 
cluster19367 3 Oenopla|comp62224_c0_seq6 Polycystic kidney disease 1-related protein  1.90E-21 
cluster21240 3 Ophosphorea|comp52464_c0_seq2 Post-GPI attachment to proteins factor 3 3.10E-65 
cluster18314 3 Oenopla|comp65362_c0_seq12 Pre-mRNA-processing factor 39 4.20E-24 
cluster22228 3 Oenopla|comp64388_c0_seq51 Pre-mRNA-splicing factor CWC22 homolog 3.00E-05 
cluster19685 3 Ophosphorea|comp49422_c0_seq2 Probable Bax inhibitor 1 4.50E-36 
cluster18780 3 Oenopla|comp62606_c0_seq4 Probable cubilin 9.30E-13 
cluster21080 3 Ophosphorea|comp51949_c0_seq38 Probable cytochrome P450 6a17 5.70E-49 
cluster19061 3 Oenopla|comp34818_c0_seq1 Probable E3 ubiquitin-protein ligase HERC2 8.50E-41 
cluster18630 3 Oenopla|comp61950_c0_seq3 Probable galaptin lec-7 7.10E-07 
cluster20205 3 Ophosphorea|comp43178_c0_seq1 Probable inactive serine/threonine-protein kinase slob2 6.60E-07 
cluster18075 3 Oenopla|comp63426_c0_seq4 Probable iron/ascorbate oxidoreductase 3.00E-05 
cluster21187 3 Ophosphorea|comp39669_c0_seq2 Probable ribosome biogenesis protein RLP24 1.30E-40 
cluster18366 3 Oenopla|comp64902_c0_seq5 Probable serine/threonine-protein kinase roco8 6.80E-06 
cluster20184 3 Ophosphorea|comp19447_c0_seq1 Probable serine/threonine-protein kinase tsuA 1.00E-09 
cluster21382 3 Ophosphorea|comp45265_c0_seq2 Probable U6 snRNA-associated Sm-like protein LSm3 4.30E-05 
cluster20383 3 Ophosphorea|comp51577_c0_seq5 Probable valine--tRNA ligase, mitochondrial 2.40E-26 
cluster21637 3 Ophosphorea|comp50891_c0_seq1 Prolyl 4-hydroxylase subunit alpha-1 3.30E-113 
cluster18606 3 Oenopla|comp62749_c0_seq2 Protein BCL9 homolog 2.40E-20 
cluster21849 3 Ophosphorea|comp51777_c0_seq8 Protein krueppel 4.20E-06 
cluster18558 3 Oenopla|comp61095_c0_seq2 Protein lap1 6.70E-05 
cluster18469 3 Oenopla|comp64359_c0_seq1 Protein lev-9 1.00E-07 
cluster19579 3 Oenopla|comp79559_c0_seq1 Protein pop-1 2.40E-09 
cluster21232 3 Ophosphorea|comp36319_c0_seq2 Protein suppressor of hairy wing 2.40E-08 
cluster20521 3 Ophosphorea|comp45254_c0_seq2 Protein Wnt-1 4.90E-15 
cluster19996 3 Ophosphorea|comp53848_c0_seq3 Protein-lysine methyltransferase C42C1.13 1.70E-05 
cluster18767 3 Oenopla|comp66087_c2_seq24 Putative ATP-dependent RNA helicase rha-2 6.80E-61 
cluster19585 3 Oenopla|comp59305_c0_seq1 Putative cuticle collagen 80 2.10E-04 
cluster21266 3 Ophosphorea|comp52249_c0_seq72 Putative cuticle collagen 80 3.30E-19 
cluster22598 3 Oenopla|comp27079_c0_seq1 Putative D-lactate dehydrogenase 4.80E-06 
cluster22099 3 Oenopla|comp66577_c0_seq1 Putative leucine-rich repeat-containing protein  4.60E-18 
cluster20377 3 Ophosphorea|comp51482_c0_seq2 Putative ribosomal protein S6 kinase alpha-1 3.70E-71 
cluster20242 3 Ophosphorea|comp40917_c0_seq3 Putative sodium-dependent multivitamin transporter 1.10E-17 
cluster19074 3 Oenopla|comp65910_c1_seq1 Putative sphingolipid delta(4)-desaturase/C4 6.90E-76 
cluster20865 3 Ophosphorea|comp48569_c2_seq10 Putative stoned B-like protein 3.30E-07 
cluster21218 3 Ophosphorea|comp51763_c0_seq1 Putative thiol protease ulp-4 4.40E-07 
cluster19923 3 Ophosphorea|comp54294_c0_seq20 Putative zinc finger protein F56D1.1 5.80E-05 
cluster19739 3 Ophosphorea|comp45953_c0_seq2 Ras-like protein RAS2 1.60E-13 
cluster19521 3 Oenopla|comp64171_c0_seq1 Ras-related protein RabG1 5.90E-18 
cluster18793 3 Oenopla|comp66294_c0_seq16 Retrovirus-related Pol polyprotein from transposon 297 2.80E-76 
cluster19202 3 Oenopla|comp46690_c0_seq1 Retrovirus-related Pol polyprotein from transposon 412 1.30E-29 
cluster21625 3 Ophosphorea|comp31267_c0_seq1 Retrovirus-related Pol polyprotein from transposon 412 1.80E-22 
cluster20755 3 Ophosphorea|comp53493_c0_seq1 Retrovirus-related Pol polyprotein from transposon  4.90E-58 
cluster18660 3 Oenopla|comp61097_c0_seq2 Rho GTPase-activating protein gacII 7.70E-10 
cluster21060 3 Ophosphorea|comp50936_c2_seq5 RNA polymerase II subunit A C-terminal domain  6.10E-35 
cluster22449 3 Oenopla|comp108644_c0_seq1 RNA-binding protein fusilli 1.70E-18 
cluster19378 3 Oenopla|comp60872_c0_seq4 RNA-binding protein sym-2 2.70E-21 
cluster18650 3 Oenopla|comp60403_c0_seq3 RPII140-upstream gene protein 2.20E-21 
cluster21263 3 Ophosphorea|comp52507_c1_seq1 Serine hydroxymethyltransferase 1 1.30E-140 
cluster18614 3 Oenopla|comp61320_c0_seq2 Serine-arginine protein 55 1.20E-10 
cluster18814 3 Oenopla|comp42490_c0_seq1 Serine/threonine-protein kinase pak-1 2.80E-20 
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cluster18924 3 Oenopla|comp59326_c5_seq2 Sex determination protein fruitless 5.30E-05 
cluster19168 3 Oenopla|comp60542_c2_seq3 Single-stranded DNA-binding protein, mitochondrial 1.60E-24 
cluster19024 3 Oenopla|comp60989_c0_seq1 Sodium- and chloride-dependent GABA transporter ine 1.10E-38 
cluster21350 3 Ophosphorea|comp46782_c0_seq2 Stromal cell-derived factor 2-like protein 3.10E-14 
cluster21712 3 Ophosphorea|comp43355_c0_seq1 Superoxide dismutase [Cu-Zn] 5.90E-21 
cluster21252 3 Ophosphorea|comp45886_c0_seq2 Suppressor of Mek1 4.50E-04 
cluster19093 3 Oenopla|comp62825_c0_seq2 Tat-binding homolog 7 8.90E-36 
cluster20080 3 Ophosphorea|comp51127_c0_seq1 Transcription factor Ken 1  6.80E-08 
cluster20341 3 Ophosphorea|comp45360_c0_seq2 Transcription-associated protein 1 2.30E-62 
cluster21438 3 Ophosphorea|comp52436_c0_seq1 Transcriptional regulator ATRX homolog 2.30E-10 
cluster21149 3 Ophosphorea|comp12269_c0_seq1 Transient receptor potential protein 1.20E-05 
cluster22495 3 Oenopla|comp58201_c0_seq3 Transient-receptor-potential-like protein 2.00E-13 
cluster18703 3 Oenopla|comp54033_c1_seq1 Tubulin beta-2 chain 2.20E-54 
cluster19436 3 Oenopla|comp62226_c0_seq13 Tubulin glycylase 3C 2.60E-14 
cluster18618 3 Oenopla|comp59555_c0_seq2 Twitchin 5.70E-05 
cluster18910 3 Oenopla|comp44124_c1_seq1 Ubiquitin-conjugating enzyme E2-18 kDa 7.90E-14 
cluster18171 3 Oenopla|comp3690_c0_seq1 UDP-glucose:glycoprotein glucosyltransferase 2.80E-23 
cluster18868 3 Oenopla|comp64399_c0_seq5 Uncharacterized 4-hydroxyphenylpyruvate dioxygenase 4.20E-22 
cluster20559 3 Ophosphorea|comp50774_c0_seq5 Uncharacterized calcium-binding protein B0563.7 3.40E-08 
cluster19117 3 Oenopla|comp52716_c0_seq1 Uncharacterized protein B0495.5 5.90E-37 
cluster19732 3 Ophosphorea|comp45852_c0_seq1 Uncharacterized protein C03C10.4 7.80E-10 
cluster18811 3 Oenopla|comp60924_c0_seq2 Uncharacterized protein DDB_G0288629 9.30E-05 
cluster20380 3 Ophosphorea|comp17340_c0_seq1 Uncharacterized protein PF11_0207 2.50E-06 
cluster21113 3 Ophosphorea|comp42241_c0_seq2 Uncharacterized protein PF11_0207 8.70E-09 
cluster19486 3 Oenopla|comp81506_c0_seq1 Uncharacterized zinc finger protein CG2678 4.20E-05 
cluster21314 3 Ophosphorea|comp55463_c0_seq2 UPF0396 protein CG6066 6.50E-05 
cluster18849 3 Oenopla|comp66504_c3_seq2 UPF0722 protein 5.90E-22 
cluster20552 3 Ophosphorea|comp54969_c0_seq3 Vacuolar protein sorting-associated protein 26 7.80E-89 
cluster20154 3 Ophosphorea|comp55039_c0_seq7 WD repeat-containing protein 26 homolog 2.20E-05 
cluster21293 3 Ophosphorea|comp44236_c0_seq1 Yolk ferritin 8.00E-16 
cluster18881 3 Oenopla|comp102853_c0_seq1 Zinc finger E-box-binding homeobox protein zag-1 3.00E-08 
cluster31758 2 Oenopla|comp57317_c0_seq1 14-3-3 protein homolog 1 5.30E-64 
cluster28495 2 Ophosphorea|comp12318_c0_seq1 26S proteasome non-ATPase regulatory subunit 10 7.20E-11 
cluster26967 2 Oenopla|comp62549_c0_seq2 4-hydroxybenzoate polyprenyltransferase 2.10E-86 
cluster26492 2 Oenopla|comp19175_c0_seq1 40S ribosomal protein S27 1.50E-19 
cluster30137 2 Ophosphorea|comp55699_c0_seq1 60S ribosomal protein L11, mitochondrial 2.50E-26 
cluster30401 2 Ophosphorea|comp48811_c1_seq1 ABC transporter A family member 11 1.40E-36 
cluster31853 2 Oenopla|comp80028_c0_seq1 ABC transporter C family member 5 7.20E-13 
cluster26628 2 Oenopla|comp39264_c0_seq1 Abnormal pharyngeal pumping eat-20  7.60E-05 
cluster26442 2 Oenopla|comp29716_c0_seq1 Acetylcholine receptor subunit alpha-like 2 6.70E-28 
cluster27033 2 Oenopla|comp39817_c0_seq1 Acetylcholine receptor subunit beta-like 1 3.00E-21 
cluster26863 2 Oenopla|comp59842_c0_seq1 Actin 6.60E-24 
cluster30211 2 Ophosphorea|comp55537_c0_seq1 Actin-related protein 2/3 complex subunit 1 1.70E-79 
cluster30201 2 Ophosphorea|comp47219_c0_seq1 Actin, cytoplasmic 2.40E-61 
cluster31597 2 Oenopla|comp22786_c0_seq1 Acyl-CoA synthetase short-chain family member B 7.90E-23 
cluster26911 2 Oenopla|comp57051_c0_seq3 Acyl-CoA-binding domain-containing protein 6  1.50E-07 
cluster26962 2 Oenopla|comp64278_c1_seq7 Adducin-related protein 2 5.90E-63 
cluster31442 2 Oenopla|comp76841_c0_seq1 Adhesive plaque matrix protein 2 6.90E-06 
cluster28884 2 Ophosphorea|comp29887_c1_seq1 Adult enhancer factor 1 8.90E-07 
cluster31775 2 Oenopla|comp60483_c0_seq1 Aldehyde dehydrogenase 1 6.80E-33 
cluster29815 2 Ophosphorea|comp45012_c0_seq1 ALG-2 interacting protein X 4.30E-39 
cluster30249 2 Ophosphorea|comp44769_c0_seq1 Alpha-latrotoxin-Lh1a 7.60E-07 
cluster29791 2 Ophosphorea|comp55073_c0_seq3 Anaphase-promoting complex subunit 1 1.40E-15 
cluster28689 2 Ophosphorea|comp11876_c0_seq1 Anaphase-promoting complex subunit 8 3.10E-28 
cluster28878 2 Ophosphorea|comp52541_c0_seq4 Ankyrin repeat, PH and SEC7 domain containing  5.70E-12 
cluster26612 2 Oenopla|comp64839_c0_seq2 Annexin A7 4.90E-16 
cluster26285 2 Oenopla|comp54613_c0_seq3 AP-4 complex subunit sigma 1.80E-21 
cluster28966 2 Ophosphorea|comp38141_c0_seq1 ATP synthase subunit 9, mitochondrial 5.40E-16 
cluster28733 2 Ophosphorea|comp46674_c0_seq1 ATP-dependent RNA helicase vasa, isoform A 1.40E-49 
cluster31790 2 Oenopla|comp66514_c3_seq4 ATP-dependent RNA helicase vasa, isoform A 3.90E-17 
cluster28879 2 Ophosphorea|comp53993_c1_seq1 BBSome-interacting protein 1 9.30E-15 
cluster30080 2 Ophosphorea|comp37253_c0_seq1 Beta-1,3-galactosyltransferase bre-2 4.00E-14 
cluster28938 2 Ophosphorea|comp76374_c0_seq1 C-reactive protein 3.3 1.80E-14 
cluster26187 2 Oenopla|comp57107_c0_seq3 C-terminal-binding protein 1  1.90E-16 
cluster29830 2 Ophosphorea|comp54782_c0_seq2 Ca(2+)/calmodulin-responsive adenylate cyclase 1.90E-16 
cluster26183 2 Oenopla|comp60932_c0_seq1 Cadherin-4 9.10E-14 
cluster26372 2 Oenopla|comp66264_c0_seq23 Cadherin-related hmr-1 5.70E-06 
cluster28410 2 Ophosphorea|comp38536_c0_seq1 Cadherin-related tumor suppressor 1.70E-15 
cluster26388 2 Oenopla|comp14405_c0_seq1 Calmodulin 1.70E-36 
cluster30335 2 Ophosphorea|comp27969_c0_seq1 Calmodulin 2.80E-09 
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cluster30422 2 Ophosphorea|comp87495_c0_seq1 Calmodulin 8.00E-18 
cluster31805 2 Oenopla|comp15516_c0_seq1 Calmodulin 1.20E-07 
cluster31889 2 Oenopla|comp43782_c0_seq1 Calmodulin-1 1.10E-21 
cluster31379 2 Oenopla|comp47482_c0_seq1 Calpain-C 2.10E-40 
cluster28537 2 Ophosphorea|comp21307_c0_seq1 Calponin homology domain-containing protein  2.40E-12 
cluster29009 2 Ophosphorea|comp52517_c0_seq29 Centaurin-gamma-1A 3.20E-58 
cluster26470 2 Oenopla|comp64828_c0_seq1 Chymotrypsin inhibitor SCI-II 2.00E-06 
cluster26526 2 Oenopla|comp75502_c0_seq1 Collagen alpha-1(IV) chain 2.60E-20 
cluster28469 2 Ophosphorea|comp40833_c0_seq2 Collagen EMF1-alpha 7.40E-14 
cluster26407 2 Oenopla|comp40025_c0_seq1 COP9 signalosome complex subunit 3 2.40E-74 
cluster26246 2 Oenopla|comp65458_c1_seq1 Cuticle collagen 8 4.10E-11 
cluster30000 2 Ophosphorea|comp52249_c0_seq64 Cuticle collagen dpy-2 2.60E-20 
cluster31639 2 Oenopla|comp55954_c0_seq1 Cuticle collagen dpy-5 4.70E-09 
cluster28505 2 Ophosphorea|comp45748_c0_seq1 Cyclic AMP receptor 2 3.70E-16 
cluster29976 2 Ophosphorea|comp52101_c0_seq1 Cysteine proteinase A 1.30E-49 
cluster30171 2 Ophosphorea|comp47158_c0_seq1 Cytochrome P450 4g1 7.70E-27 
cluster30434 2 Ophosphorea|comp27269_c0_seq1 Cytochrome P450 9c1 1.70E-10 
cluster26905 2 Oenopla|comp51771_c0_seq1 Cytoplasmic dynein 2 heavy chain 1 5.40E-08 
cluster26406 2 Oenopla|comp59538_c0_seq1 Cytoplasmic phosphatidylinositol transfer protein 1 3.00E-44 
cluster28634 2 Ophosphorea|comp49193_c1_seq1 Cytoplasmic polyadenylation element-binding protein 2 1.50E-53 
cluster30009 2 Ophosphorea|comp41172_c0_seq5 Cytosolic carboxypeptidase 6 2.40E-45 
cluster31495 2 Oenopla|comp24877_c0_seq1 DE-cadherin 1.30E-25 
cluster29031 2 Ophosphorea|comp35089_c0_seq1 Decaprenyl-diphosphate synthase 1.40E-11 
cluster30058 2 Ophosphorea|comp35369_c0_seq1 Delta-latroinsectotoxin-Lt1a 2.30E-06 
cluster28753 2 Ophosphorea|comp47434_c0_seq3 Deoxyhypusine synthase  7.60E-29 
cluster26348 2 Oenopla|comp61042_c2_seq1 Dihydropteridine reductase 1.60E-46 
cluster26974 2 Oenopla|comp42653_c0_seq3 DNA polymerase epsilon catalytic subunit A 2.40E-19 
cluster26916 2 Oenopla|comp66804_c0_seq1 DNA-directed RNA polymerase II subunit rpb4 5.60E-28 
cluster26609 2 Oenopla|comp82657_c0_seq1 DNA-directed RNA polymerase subunit beta 1.30E-14 
cluster26252 2 Oenopla|comp5916_c0_seq1 Dual serine/threonine and tyrosine protein kinase  2.00E-13 
cluster30365 2 Ophosphorea|comp44577_c0_seq1 Dual serine/threonine and tyrosine protein kinase  7.60E-12 
cluster26181 2 Oenopla|comp77782_c0_seq1 Dynein beta chain, ciliary 3.80E-55 
cluster28706 2 Ophosphorea|comp59929_c0_seq1 Dynein beta chain, ciliary 3.10E-33 
cluster26551 2 Oenopla|comp55896_c0_seq1 Dynein heavy chain-like protein MAL7P1.162 2.70E-47 
cluster26496 2 Oenopla|comp46361_c1_seq1 Dynein heavy chain, cytoplasmic 2.10E-29 
cluster30274 2 Ophosphorea|comp52617_c0_seq12 Dynein heavy chain, cytoplasmic 3.30E-31 
cluster26574 2 Oenopla|comp55724_c0_seq2 Dystrophin, isoform B 3.20E-42 
cluster28497 2 Ophosphorea|comp55044_c1_seq1 Dystrophin, isoform B 1.80E-40 
cluster28789 2 Ophosphorea|comp19917_c0_seq1 E3 ubiquitin-protein ligase arc-1 1.40E-22 
cluster30271 2 Ophosphorea|comp52804_c0_seq14 E3 ubiquitin-protein ligase Nedd-4 3.10E-09 
cluster27056 2 Oenopla|comp66238_c1_seq1 E3 ubiquitin-protein ligase Smurf1 9.00E-108 
cluster26401 2 Oenopla|comp56577_c0_seq1 E3 ubiquitin-protein ligase ubr-1 8.70E-54 
cluster28759 2 Ophosphorea|comp41384_c0_seq3 Elongation of very long chain fatty acids protein 5 6.50E-39 
cluster28444 2 Ophosphorea|comp34765_c0_seq2 Elongation of very long chain fatty acids protein  1.80E-12 
cluster26774 2 Oenopla|comp59449_c0_seq1 Escargot/snail protein homolog 7.50E-05 
cluster26367 2 Oenopla|comp63373_c1_seq5 Esterase S 4.30E-19 
cluster28833 2 Ophosphorea|comp48792_c0_seq2 Eukaryotic translation initiation factor 3 subunit A  2.20E-07 
cluster26264 2 Oenopla|comp43645_c0_seq1 Eukaryotic translation initiation factor 4E 2.60E-30 
cluster29908 2 Ophosphorea|comp39707_c0_seq1 Eukaryotic translation initiation factor 4E 8.50E-31 
cluster30428 2 Ophosphorea|comp17417_c0_seq1 Exocyst complex component 6 2.00E-20 
cluster32079 2 Oenopla|comp64977_c3_seq5 Fat-like cadherin-related tumor suppressor homolog 4.10E-19 
cluster26244 2 Oenopla|comp66722_c0_seq1 FK506-binding protein 5 1.70E-13 
cluster31979 2 Oenopla|comp58972_c0_seq2 Forkhead box protein G1  4.90E-05 
cluster26977 2 Oenopla|comp33315_c0_seq1 Forkhead box protein O 1.70E-13 
cluster26753 2 Oenopla|comp77605_c0_seq1 Formin-E 8.40E-06 
cluster26485 2 Oenopla|comp54527_c0_seq1 Fringe glycosyltransferase 2.50E-55 
cluster29771 2 Ophosphorea|comp48059_c0_seq1 Frizzled-2 4.20E-32 
cluster26869 2 Oenopla|comp23694_c0_seq1 Gamma-aminobutyric acid receptor subunit beta 1.80E-08 
cluster30038 2 Ophosphorea|comp36157_c0_seq1 Gelsolin-like protein 2 7.50E-27 
cluster28362 2 Ophosphorea|comp39795_c0_seq1 General transcriptional corepressor trfA 3.50E-15 
cluster28999 2 Ophosphorea|comp49595_c0_seq2 Gephyrin 8.90E-34 
cluster28996 2 Ophosphorea|comp47538_c1_seq1 Glutamate-gated chloride channel subunit beta 1.00E-19 
cluster29902 2 Ophosphorea|comp51669_c1_seq4 Glutaredoxin-3 homolog 6.60E-05 
cluster32014 2 Oenopla|comp71028_c0_seq1 Glutathione S-transferase C-terminal domain-containing  6.60E-45 
cluster31557 2 Oenopla|comp56928_c0_seq2 Glycine-rich protein GRP33 6.90E-19 
cluster28846 2 Ophosphorea|comp47031_c0_seq7 Glycocyamine kinase 3.50E-58 
cluster30120 2 Ophosphorea|comp64318_c0_seq1 Glycoprotein 3-alpha-L-fucosyltransferase A 1.10E-20 
cluster29913 2 Ophosphorea|comp28304_c0_seq1 Golgi to ER traffic protein 4 homolog 2.90E-38 
cluster31481 2 Oenopla|comp50071_c0_seq1 Granulin 1.30E-13 
cluster28407 2 Ophosphorea|comp46171_c0_seq2 Guanine exchange factor for Rac 30 1.60E-16 
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cluster26851 2 Oenopla|comp63377_c0_seq2 Guanylate cyclase receptor-type gcy-1 9.20E-32 
cluster26730 2 Oenopla|comp62821_c0_seq8 Hemocyte protein-glutamine gamma 8.30E-13 
cluster26622 2 Oenopla|comp47465_c0_seq1 Hepatocyte growth factor-regulated tyrosine kinase 5.70E-11 
cluster26925 2 Oenopla|comp41010_c0_seq1 Heterogeneous nuclear ribonucleoprotein 27C 3.90E-07 
cluster30400 2 Ophosphorea|comp38815_c0_seq1 Heterogeneous nuclear ribonucleoprotein 27C 8.60E-20 
cluster26363 2 Oenopla|comp49161_c0_seq4 Histone H1-beta, late embryonic 7.60E-27 
cluster26739 2 Oenopla|comp61183_c0_seq1 Histone-arginine methyltransferase CARMER  9.70E-35 
cluster28890 2 Ophosphorea|comp57731_c0_seq1 Homeobox protein Wariai 1.60E-06 
cluster26361 2 Oenopla|comp63601_c3_seq2 Homeotic protein spalt-major 2.30E-06 
cluster31402 2 Oenopla|comp63601_c3_seq4 Homeotic protein spalt-major 7.00E-07 
cluster28610 2 Ophosphorea|comp51528_c0_seq1 Innexin inx2 7.50E-10 
cluster26518 2 Oenopla|comp53484_c0_seq2 Inositol hexakisphosphate and diphosphoinositol 8.60E-64 
cluster28867 2 Ophosphorea|comp48852_c0_seq3 Intermediate filament protein ifp-1 3.00E-25 
cluster30073 2 Ophosphorea|comp48852_c0_seq5 Intermediate filament protein ifp-1 9.40E-25 
cluster30416 2 Ophosphorea|comp48852_c0_seq2 Intermediate filament protein ifp-1 1.20E-24 
cluster28454 2 Ophosphorea|comp29070_c0_seq2 IWS1-like protein 1.10E-46 
cluster31869 2 Oenopla|comp59523_c0_seq1 Kinesin-like protein KLP2 4.60E-47 
cluster26670 2 Oenopla|comp83222_c0_seq1 Kinesin-related protein 9 1.40E-11 
cluster28603 2 Ophosphorea|comp744_c0_seq1 Kunitz-type protease inhibitor kalicludine-2 3.90E-06 
cluster26891 2 Oenopla|comp63353_c1_seq2 L-2-hydroxyglutarate dehydrogenase, mitochondrial 2.20E-85 
cluster30282 2 Ophosphorea|comp41780_c0_seq2 Laminin subunit beta-1 6.60E-08 
cluster31594 2 Oenopla|comp56838_c0_seq1 Laminin subunit gamma-1 2.20E-27 
cluster29925 2 Ophosphorea|comp4346_c0_seq1 Leucine-rich repeat-containing protein egg-6 7.60E-05 
cluster31342 2 Oenopla|comp62667_c1_seq13 LIM and SH3 domain protein F42H10.3 1.00E-13 
cluster26555 2 Oenopla|comp55969_c0_seq1 Lissencephaly-1 homolog  5.00E-17 
cluster26634 2 Oenopla|comp102867_c0_seq1 Low-density lipoprotein receptor-related protein 2.10E-18 
cluster28640 2 Ophosphorea|comp43660_c0_seq1 Maltase A1 4.20E-25 
cluster28477 2 Ophosphorea|comp58474_c0_seq1 MAM and LDL-receptor class A domain-containing 7.80E-12 
cluster30387 2 Ophosphorea|comp55034_c0_seq10 Mediator of RNA polymerase II transcription subunit 29 9.90E-08 
cluster31349 2 Oenopla|comp44112_c0_seq1 Meiosis expressed gene 1 protein homolog 2.10E-29 
cluster26713 2 Oenopla|comp64363_c0_seq1 Membrane alanyl aminopeptidase 1.20E-78 
cluster28883 2 Ophosphorea|comp43211_c0_seq1 Membrane-associated sulfotransferase kil1 3.90E-06 
cluster26270 2 Oenopla|comp33730_c0_seq1 Midasin 2.40E-22 
cluster31330 2 Oenopla|comp33730_c0_seq2 Midasin 3.80E-15 
cluster30100 2 Ophosphorea|comp49097_c0_seq1 MIF-like protein mif-2 5.20E-08 
cluster31570 2 Oenopla|comp50306_c0_seq4 Mitochondrial substrate carrier family protein X 1.30E-12 
cluster28949 2 Ophosphorea|comp55311_c0_seq1 Moesin 7.80E-06 
cluster30299 2 Ophosphorea|comp54118_c0_seq7 Moesin 1.80E-22 
cluster29970 2 Ophosphorea|comp41471_c0_seq3 MOXD1 homolog 1 5.10E-26 
cluster26320 2 Oenopla|comp50994_c0_seq1 mRNA-capping enzyme 2.70E-56 
cluster26818 2 Oenopla|comp12384_c0_seq1 Mucin-like protein  1.60E-10 
cluster26996 2 Oenopla|comp63395_c0_seq1 Multidrug resistance protein 8.90E-14 
cluster26738 2 Oenopla|comp61670_c0_seq18 Muscle calcium channel subunit alpha-1 2.90E-47 
cluster31698 2 Oenopla|comp59420_c1_seq1 Muscle M-line assembly protein unc-89 2.30E-16 
cluster26732 2 Oenopla|comp37998_c0_seq2 Muscle-specific protein 20 4.00E-09 
cluster31789 2 Oenopla|comp37998_c0_seq1 Muscle-specific protein 20 1.70E-07 
cluster26199 2 Oenopla|comp64747_c0_seq4 Myosin heavy chain, clone 203 1.50E-08 
cluster26595 2 Oenopla|comp10427_c0_seq1 Myosin ID heavy chain 2.20E-22 
cluster28437 2 Ophosphorea|comp37290_c0_seq4 Myosin regulatory light chain 2.30E-19 
cluster29843 2 Ophosphorea|comp74237_c0_seq1 Myosin-IA 2.20E-24 
cluster28818 2 Ophosphorea|comp53669_c2_seq4 Myosin-J heavy chain 2.10E-24 
cluster26573 2 Oenopla|comp65708_c0_seq2 Myosin-M heavy chain 2.10E-19 
cluster32020 2 Oenopla|comp58064_c0_seq2 Myosin-VIIa 1.80E-05 
cluster27036 2 Oenopla|comp64783_c0_seq1 Myotubularin-related protein 3 8.20E-05 
cluster28523 2 Ophosphorea|comp53092_c0_seq2 Myotubularin-related protein DDB_G0290005 2.70E-08 
cluster27031 2 Oenopla|comp37147_c0_seq1 NEDD8 4.50E-06 
cluster29005 2 Ophosphorea|comp34349_c0_seq2 Netrin receptor unc-5 5.00E-33 
cluster29882 2 Ophosphorea|comp52581_c0_seq40 NF-kappa-B inhibitor cactus 5.10E-06 
cluster31496 2 Oenopla|comp49989_c0_seq1 NF-kappa-B inhibitor cactus 4.00E-06 
cluster26873 2 Oenopla|comp66545_c2_seq1 NFU1 iron-sulfur cluster scaffold homolog 9.90E-77 
cluster28440 2 Ophosphorea|comp38670_c1_seq1 Nuclear cap-binding protein subunit 2 4.60E-50 
cluster26836 2 Oenopla|comp62302_c0_seq4 Nuclear hormone receptor family member nhr-23 1.70E-09 
cluster26755 2 Oenopla|comp62302_c0_seq8 Nuclear hormone receptor HR78 3.60E-23 
cluster31630 2 Oenopla|comp86692_c0_seq1 Nuclear hormone receptor HR78 2.00E-19 
cluster30027 2 Ophosphorea|comp47529_c0_seq3 Nuclear receptor-binding protein homolog 4.60E-80 
cluster26651 2 Oenopla|comp14278_c0_seq1 Nuclear RNAi defective-2 protein 7.00E-06 
cluster28895 2 Ophosphorea|comp54740_c0_seq25 Organic solute transporter alpha-like protein 2.90E-14 
cluster26624 2 Oenopla|comp61936_c0_seq1 Paramyosin 6.90E-05 
cluster28817 2 Ophosphorea|comp55122_c1_seq26 Paramyosin 8.60E-14 
cluster30223 2 Ophosphorea|comp53055_c0_seq1 Paramyosin 2.50E-32 
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cluster31519 2 Oenopla|comp66385_c0_seq30 Paramyosin 1.40E-18 
cluster31558 2 Oenopla|comp65740_c0_seq6 Paramyosin 3.40E-15 
cluster28530 2 Ophosphorea|comp47485_c0_seq1 Periodic tryptophan protein 2 homolog 5.20E-69 
cluster27023 2 Oenopla|comp51808_c0_seq1 Perivitellin-2 31 kDa subunit 6.00E-06 
cluster26261 2 Oenopla|comp56689_c0_seq1 Peroxisomal multifunctional enzyme type 2  3.70E-08 
cluster29838 2 Ophosphorea|comp51684_c0_seq1 PH domain-containing protein DDB_G0274775 3.40E-08 
cluster30184 2 Ophosphorea|comp37560_c0_seq1 Phosphatidylinositide phosphatase SAC1 8.70E-34 
cluster31914 2 Oenopla|comp92267_c0_seq1 Phosphatidylinositol 3,4,5-trisphosphate 3-phosphatase 3.40E-16 
cluster28500 2 Ophosphorea|comp51144_c0_seq17 Phosphatidylinositol-binding clathrin assembly protein 3.50E-130 
cluster30005 2 Ophosphorea|comp34173_c0_seq1 Phytanoyl-CoA dioxygenase domain-containing protein 1.90E-07 
cluster31917 2 Oenopla|comp37830_c0_seq1 Poly(ADP-ribose) polymerase pme-1 2.30E-17 
cluster26379 2 Oenopla|comp63877_c0_seq2 Polycystic kidney disease 1-related protein  2.80E-38 
cluster28431 2 Ophosphorea|comp7646_c0_seq1 Polyubiquitin-J 8.70E-36 
cluster31822 2 Oenopla|comp66550_c0_seq4 Pre-mRNA-splicing factor CWC22 homolog 1.30E-05 
cluster31920 2 Oenopla|comp62979_c0_seq2 Pre-mRNA-splicing factor CWC22 homolog 2.60E-06 
cluster26954 2 Oenopla|comp52047_c0_seq1 Probable [pyruvate dehydrogenase (acetyl-transferring)] 5.70E-26 
cluster28754 2 Ophosphorea|comp39637_c0_seq1 Probable 3-hydroxyacyl-CoA dehydrogenase F54C8.1 4.20E-84 
cluster29863 2 Ophosphorea|comp41064_c0_seq1 Probable ATP-dependent RNA helicase ddx31 2.00E-05 
cluster30254 2 Ophosphorea|comp50014_c0_seq1 Probable ATP-dependent RNA helicase kurz 3.00E-11 
cluster30377 2 Ophosphorea|comp8205_c0_seq1 Probable ATP-dependent RNA helicase spindle-E 1.10E-23 
cluster31404 2 Oenopla|comp61642_c0_seq5 Probable ATP-dependent RNA helicase spindle-E 7.90E-22 
cluster30013 2 Ophosphorea|comp29351_c0_seq1 Probable caffeoyl-CoA O-methyltransferase 3 1.80E-40 
cluster31709 2 Oenopla|comp62535_c0_seq3 Probable cytochrome P450 313a5 7.10E-14 
cluster28511 2 Ophosphorea|comp773_c1_seq1 Probable cytochrome P450 4p2 2.50E-14 
cluster28743 2 Ophosphorea|comp52636_c1_seq2 Probable cytochrome P450 6a18 9.60E-07 
cluster26368 2 Oenopla|comp64451_c0_seq3 Probable cytochrome P450 6t3 7.70E-06 
cluster29974 2 Ophosphorea|comp70983_c0_seq1 Probable E3 ubiquitin-protein ligase HERC2 9.10E-22 
cluster28644 2 Ophosphorea|comp7720_c0_seq1 Probable elongation factor 1-beta/1-delta 2 2.70E-44 
cluster26483 2 Oenopla|comp62387_c1_seq7 Probable glutamine synthetase 3.50E-52 
cluster30127 2 Ophosphorea|comp49089_c0_seq2 Probable histidine ammonia-lyase 4.20E-12 
cluster30125 2 Ophosphorea|comp61233_c0_seq1 Probable inactive serine/threonine-protein kinase scy2 6.80E-26 
cluster30353 2 Ophosphorea|comp42720_c0_seq1 
Probable iron/ascorbate oxidoreductase 
DDB_G0283291 1.60E-18 
cluster30101 2 Ophosphorea|comp29428_c0_seq1 Probable nuclear hormone receptor HR38 2.80E-12 
cluster28933 2 Ophosphorea|comp39900_c0_seq1 Probable RNA helicase armi 1.10E-32 
cluster26507 2 Oenopla|comp23069_c0_seq1 Probable serine/threonine-protein kinase vps15 3.70E-67 
cluster28492 2 Ophosphorea|comp43381_c0_seq2 Probable splicing factor, arginine/serine-rich 4 2.00E-06 
cluster30392 2 Ophosphorea|comp48798_c0_seq26 Probable type I inositol 1,4,5-trisphosphate 5 3.30E-66 
cluster31842 2 Oenopla|comp65139_c2_seq4 Probable type I inositol 1,4,5-trisphosphate 5 9.40E-65 
cluster28718 2 Ophosphorea|comp70459_c0_seq1 Profilin 5.00E-45 
cluster31380 2 Oenopla|comp49005_c0_seq1 Progestin and adipoQ receptor-like protein 1 1.10E-44 
cluster28621 2 Ophosphorea|comp17786_c1_seq1 Prolyl 4-hydroxylase subunit alpha-1 2.50E-27 
cluster29023 2 Ophosphorea|comp43438_c0_seq2 Protein AKTIP homolog 1.40E-07 
cluster28943 2 Ophosphorea|comp50755_c2_seq19 Protein bowel 1.40E-06 
cluster30143 2 Ophosphorea|comp39631_c0_seq1 Protein BUD31 homolog 1.60E-62 
cluster26251 2 Oenopla|comp51423_c0_seq14 Protein cab-1 1.20E-20 
cluster26838 2 Oenopla|comp51423_c0_seq7 Protein cab-1 2.70E-21 
cluster28978 2 Ophosphorea|comp51446_c1_seq1 Protein cab-1 4.90E-21 
cluster28751 2 Ophosphorea|comp41829_c0_seq1 Protein dachsous 1.70E-16 
cluster26356 2 Oenopla|comp65576_c0_seq1 Protein dispatched 7.00E-12 
cluster26399 2 Oenopla|comp36913_c0_seq1 Protein EMRE homolog, mitochondrial 4.10E-10 
cluster26208 2 Oenopla|comp106346_c0_seq1 Protein furry 1.20E-17 
cluster26349 2 Oenopla|comp18376_c0_seq1 Protein furry 4.70E-63 
cluster27047 2 Oenopla|comp31751_c0_seq2 Protein kinase DC2 6.90E-14 
cluster26239 2 Oenopla|comp65538_c0_seq5 Protein lap4 3.40E-08 
cluster30348 2 Ophosphorea|comp55242_c1_seq1 Protein mesh  2.80E-23 
cluster29857 2 Ophosphorea|comp36995_c0_seq1 Protein ovo 3.40E-09 
cluster31911 2 Oenopla|comp65089_c0_seq5 Protein PIEZO homolog 2.30E-14 
cluster26412 2 Oenopla|comp60635_c0_seq3 Protein roadkill 5.60E-11 
cluster30166 2 Ophosphorea|comp46164_c0_seq1 Protein roadkill 1.20E-05 
cluster30079 2 Ophosphorea|comp43267_c0_seq1 Protein serrate 2.40E-05 
cluster26571 2 Oenopla|comp48000_c0_seq1 Protein sickie 1.60E-08 
cluster29814 2 Ophosphorea|comp54211_c0_seq2 Protein sister of odd and bowel 3.00E-15 
cluster26228 2 Oenopla|comp83588_c0_seq1 Protein SMG8 1.20E-13 
cluster26737 2 Oenopla|comp65612_c0_seq2 Protein spinster 2.40E-23 
cluster31955 2 Oenopla|comp47168_c0_seq1 Protein zerknuellt 1 1.60E-07 
cluster30266 2 Ophosphorea|comp44992_c1_seq1 Putative acid phosphatase 11 1.90E-08 
cluster26865 2 Oenopla|comp65899_c3_seq3 Putative carbonic anhydrase 2 1.40E-07 
cluster26803 2 Oenopla|comp66806_c0_seq1 Putative carbonic anhydrase 5 6.20E-27 
cluster29803 2 Ophosphorea|comp54405_c0_seq1 Putative cystathionine gamma-lyase 2 1.30E-15 
 
152	
cluster26316 2 Oenopla|comp1424_c0_seq2 Putative diacylglycerol kinase K06A1.6 2.40E-07 
cluster31944 2 Oenopla|comp70614_c0_seq1 Putative eukaryotic initiation factor 4A-like protein 1.30E-08 
cluster26920 2 Oenopla|comp68494_c0_seq1 Putative glycosyltransferase C14A4.3 2.50E-30 
cluster29046 2 Ophosphorea|comp42585_c0_seq2 Putative isoaspartyl peptidase/L-asparaginase 2.30E-22 
cluster28863 2 Ophosphorea|comp45891_c0_seq1 Putative mitogen-activated protein kinase kinase kinase 2.90E-11 
cluster31474 2 Oenopla|comp55257_c1_seq1 Putative neutral sphingomyelinase 8.00E-48 
cluster29007 2 Ophosphorea|comp52716_c1_seq6 Putative protein tag-53 1.30E-94 
cluster26765 2 Oenopla|comp59316_c0_seq1 Putative serine/threonine-protein kinase A 5.20E-18 
cluster27037 2 Oenopla|comp23857_c0_seq1 Putative sodium-dependent multivitamin transporter 4.10E-88 
cluster30008 2 Ophosphorea|comp53369_c0_seq25 Putative sodium-dependent multivitamin transporter 1.20E-80 
cluster26846 2 Oenopla|comp63564_c0_seq1 Putative U5 small nuclear ribonucleoprotein 4.30E-08 
cluster31618 2 Oenopla|comp59614_c0_seq1 Putative UDP-glucuronosyltransferase ugt-55 8.50E-13 
cluster26611 2 Oenopla|comp21337_c0_seq1 Putative uncharacterized protein DDB_G0291608 5.00E-06 
cluster27018 2 Oenopla|comp58972_c0_seq1 Putative uncharacterized protein DDB_G0291608 5.50E-05 
cluster26928 2 Oenopla|comp54995_c0_seq1 Rab3 GTPase-activating protein catalytic subunit 8.80E-09 
cluster28565 2 Ophosphorea|comp57303_c0_seq1 Ras guanine nucleotide exchange factor Q 9.20E-05 
cluster28942 2 Ophosphorea|comp24882_c0_seq1 Ras-related protein Rab-7A 2.70E-08 
cluster26715 2 Oenopla|comp31888_c0_seq5 Regulator of G-protein signaling egl-10 2.10E-68 
cluster31572 2 Oenopla|comp57945_c3_seq3 Regulator of G-protein signaling rgs-1 1.70E-11 
cluster26538 2 Oenopla|comp59068_c0_seq2 Restin homolog 7.10E-26 
cluster29002 2 Ophosphorea|comp77609_c0_seq1 Retrovirus-related Pol polyprotein from transposon 297 2.60E-26 
cluster30076 2 Ophosphorea|comp91424_c0_seq1 Retrovirus-related Pol polyprotein from transposon 297 7.00E-11 
cluster26831 2 Oenopla|comp38925_c0_seq1 Retrovirus-related Pol polyprotein from transposon 412 2.50E-32 
cluster26943 2 Oenopla|comp60752_c0_seq2 Retrovirus-related Pol polyprotein from transposon 412 4.80E-20 
cluster30213 2 Ophosphorea|comp30734_c0_seq1 Retrovirus-related Pol polyprotein from transposon  1.10E-64 
cluster28461 2 Ophosphorea|comp38936_c0_seq1 Ring canal kelch protein 6.60E-18 
cluster29975 2 Ophosphorea|comp46642_c0_seq1 RING finger protein nhl-1 2.50E-17 
cluster31604 2 Oenopla|comp62010_c2_seq3 RNA polymerase-associated protein Rtf1 1.60E-12 
cluster28791 2 Ophosphorea|comp29345_c0_seq1 Sarcoplasmic calcium-binding protein 3.20E-07 
cluster32059 2 Oenopla|comp48766_c1_seq2 Scavenger receptor cysteine-rich domain superfamily  1.20E-17 
cluster28972 2 Ophosphorea|comp45499_c2_seq1 Seipin  5.20E-43 
cluster26375 2 Oenopla|comp63642_c0_seq14 Septin-2 2.40E-26 
cluster26758 2 Oenopla|comp65074_c0_seq4 Serine/threonine-protein kinase PLK4 4.60E-29 
cluster28568 2 Ophosphorea|comp54530_c2_seq1 Serine/threonine-protein phosphatase alpha-3 isoform 6.40E-46 
cluster27009 2 Oenopla|comp53085_c0_seq2 Serum response factor homolog B 9.40E-05 
cluster29892 2 Ophosphorea|comp62594_c0_seq1 Sex-determining protein fem-1 9.30E-10 
cluster30194 2 Ophosphorea|comp30788_c0_seq3 Small conductance calcium-activated potassium channel  3.00E-32 
cluster26403 2 Oenopla|comp62705_c0_seq1 Sodium- and chloride-dependent betaine transporter  6.10E-102 
cluster26620 2 Oenopla|comp51164_c0_seq1 Sodium- and chloride-dependent betaine transporter  2.90E-45 
cluster28368 2 Ophosphorea|comp54010_c0_seq3 Sodium-dependent acetylcholine transporter 1.30E-73 
cluster28496 2 Ophosphorea|comp42636_c0_seq1 Sodium-dependent acetylcholine transporter 2.90E-84 
cluster31642 2 Oenopla|comp16280_c0_seq1 Sodium-dependent acetylcholine transporter 1.50E-33 
cluster32026 2 Oenopla|comp70213_c0_seq1 Sodium-dependent nutrient amino acid transporter 1 4.50E-22 
cluster26964 2 Oenopla|comp44636_c0_seq1 Sorcin 1.20E-25 
cluster26806 2 Oenopla|comp14732_c0_seq1 SPARC 1.40E-53 
cluster26203 2 Oenopla|comp66611_c0_seq3 Spectrin alpha chain 4.20E-12 
cluster31987 2 Oenopla|comp64633_c3_seq5 Spore coat protein SP96 4.40E-05 
cluster26477 2 Oenopla|comp33220_c0_seq1 Stomatin-3 4.20E-57 
cluster26663 2 Oenopla|comp60052_c0_seq6 Target of rapamycin homolog 3.20E-27 
cluster26874 2 Oenopla|comp105041_c0_seq1 Target of rapamycin homolog 3.10E-15 
cluster28919 2 Ophosphorea|comp47969_c0_seq1 Telomerase component p80 1.00E-22 
cluster26685 2 Oenopla|comp50074_c0_seq1 TM2 domain-containing protein Y66D12A.21 6.90E-13 
cluster26481 2 Oenopla|comp56717_c0_seq1 TPR repeat-containing protein DDB_G0287407 2.20E-23 
cluster26843 2 Oenopla|comp48967_c0_seq2 Transcription factor che-1 6.10E-09 
cluster26779 2 Oenopla|comp55294_c0_seq3 Transcription initiation factor IIB 6.30E-11 
cluster26734 2 Oenopla|comp51059_c0_seq1 Transcription initiation factor TFIID subunit 13 4.90E-28 
cluster28385 2 Ophosphorea|comp41304_c0_seq1 Transcription-associated protein 1 4.50E-94 
cluster31493 2 Oenopla|comp99204_c0_seq1 Transcription-associated protein 1 1.30E-34 
cluster26308 2 Oenopla|comp60464_c1_seq2 Transmembrane matrix receptor MUP-4  1.30E-06 
cluster26939 2 Oenopla|comp52095_c0_seq1 Transmembrane matrix receptor MUP-4  1.90E-10 
cluster28467 2 Ophosphorea|comp39416_c0_seq1 Transmembrane protein 11 homolog, mitochondrial 2.30E-40 
cluster30250 2 Ophosphorea|comp45293_c0_seq3 Transmembrane protein 144 homolog B 1.40E-63 
cluster26237 2 Oenopla|comp14348_c0_seq1 Tropomyosin 1.80E-28 
cluster29833 2 Ophosphorea|comp54744_c1_seq28 Tropomyosin 1.10E-09 
cluster26355 2 Oenopla|comp61316_c0_seq3 Tubulin beta chain 2.30E-67 
cluster31994 2 Oenopla|comp48167_c0_seq3 Tubulin beta-1 chain 1.50E-239 
cluster26930 2 Oenopla|comp57801_c0_seq3 Tyrosine-protein kinase isoform SRK4 8.10E-05 
cluster29971 2 Ophosphorea|comp31480_c0_seq1 Tyrosine-protein phosphatase 1 6.70E-05 
cluster31595 2 Oenopla|comp50887_c0_seq1 Tyrosine-protein phosphatase 69D 2.00E-19 
cluster28524 2 Ophosphorea|comp43885_c0_seq1 U1 small nuclear ribonucleoprotein C  3.70E-18 
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cluster28801 2 Ophosphorea|comp51875_c0_seq2 Ubiquitin carboxyl-terminal hydrolase 64E 1.60E-18 
cluster30319 2 Ophosphorea|comp39022_c0_seq1 Ubiquitin carboxyl-terminal hydrolase nonstop 1.10E-45 
cluster26666 2 Oenopla|comp59447_c0_seq1 Uncharacterized Golgi apparatus membrane protein-like 9.90E-34 
cluster30334 2 Ophosphorea|comp55427_c0_seq6 Uncharacterized membrane protein DDB_G0293934 2.80E-05 
cluster30193 2 Ophosphorea|comp46467_c0_seq1 Uncharacterized oxidoreductase dhs-27 1.80E-07 
cluster29889 2 Ophosphorea|comp19863_c0_seq1 Uncharacterized oxidoreductase ZK1290.5 2.50E-15 
cluster26884 2 Oenopla|comp66498_c0_seq1 Uncharacterized protein DDB_G0292642 5.10E-05 
cluster29779 2 Ophosphorea|comp33720_c0_seq1 Uncharacterized protein F23F12.8 1.70E-05 
cluster28744 2 Ophosphorea|comp58915_c0_seq1 Uncharacterized protein K02A2.6 3.10E-26 
cluster31747 2 Oenopla|comp56093_c0_seq1 Uncharacterized protein PFB0145c 1.30E-06 
cluster26700 2 Oenopla|comp62976_c0_seq8 Uncharacterized protein T19C3.4 1.10E-50 
cluster27048 2 Oenopla|comp62976_c0_seq6 Uncharacterized protein T19C3.4 1.70E-48 
cluster26626 2 Oenopla|comp58267_c0_seq1 Uncharacterized protein T28D9.3 1.00E-26 
cluster28555 2 Ophosphorea|comp45171_c1_seq2 Uracil-DNA glycosylase  2.50E-66 
cluster26625 2 Oenopla|comp60382_c0_seq1 Venom allergen 5 3.50E-16 
cluster28398 2 Ophosphorea|comp45099_c0_seq1 Venom allergen 5 1.00E-07 
cluster28506 2 Ophosphorea|comp46769_c0_seq1 Venom allergen 5 2.20E-14 
cluster28704 2 Ophosphorea|comp30746_c0_seq1 Venom allergen 5 3.50E-08 
cluster26678 2 Oenopla|comp1654_c0_seq1 Vitellogenin receptor  6.00E-06 
cluster30307 2 Ophosphorea|comp28336_c0_seq1 Vitellogenin receptor 1.40E-12 
cluster26489 2 Oenopla|comp61136_c0_seq1 Xaa-Pro aminopeptidase 1 1.10E-54 
cluster26452 2 Oenopla|comp58806_c1_seq1 Xaa-Pro dipeptidase 4.60E-110 
cluster31714 2 Oenopla|comp56537_c0_seq1 Xanthine dehydrogenase 3.10E-101 
cluster31660 2 Oenopla|comp55981_c0_seq2 Zinc finger CCCH-type with G patch domain  4.40E-07 
cluster26253 2 Oenopla|comp62493_c2_seq6 Zinc finger protein 1 9.50E-09 
cluster30396 2 Ophosphorea|comp25711_c0_seq1 Zinc finger protein squeeze 5.00E-05 
cluster26879 2 Oenopla|comp44192_c0_seq1 Zinc metalloproteinase nas-20 1.10E-09 
 
 
Table S3.5. Top 20 Gene Ontology terms for the categories of biological process, molecular function and cellular 
component derived the annotation of Odontosyllis orthologous clusters. 
Table of slimmed biological process GO 
GO term Description Count 
GO:0008150 biological process 510 
GO:0009987 cellular process 413 
GO:0065007 biological regulation 306 
GO:0008152 metabolic process 298 
GO:0044237 cellular metabolic process 262 
GO:0032502 developmental process 252 
GO:0032501 multicellular organismal process 247 
GO:0050896 response to stimulus 221 
GO:0006807 nitrogen compound metabolic process 209 
GO:0043170 macromolecule metabolic process 191 
GO:0006725 cellular aromatic compound metabolic process 179 
GO:0006139 nucleobase-containing compound metabolic process 177 
GO:0046483 heterocycle metabolic process 177 
GO:0016070 RNA metabolic process 167 
GO:0044238 primary metabolic process 160 
GO:0007154 cell communication 150 
GO:0016043 cellular component organization 147 
GO:0051179 localization 139 
GO:0000003 reproduction 108 
GO:0006810 transport 106 
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Table of slimmed molecular function GO   
GO term Description Count 
GO:0043167 ion binding 408 
GO:0000166 nucleotide binding 215 
GO:0005488 binding 200 
GO:0001882 nucleoside binding 180 
GO:0003676 nucleic acid binding 176 
GO:0016740 transferase activity 154 
GO:0016787 hydrolase activity 117 
GO:0005515 protein binding 101 
GO:0003674 molecular function 98 
GO:0016491 oxidoreductase activity 59 
GO:0005215 transporter activity 51 
GO:0004871 signal transducer activity 36 
GO:0003774 motor activity 34 
GO:0005198 structural molecule activity 27 
GO:0008233 peptidase activity 24 
GO:0048037 cofactor binding 23 
GO:0030234 enzyme regulator activity 22 
GO:0016874 ligase activity 21 
GO:0004497 monooxygenase activity 19 
GO:0046906 tetrapyrrole binding 17 
 
 
 
Table of slimmed cellular component GO 
GO term Description Count 
GO:0044464 cell part 395 
GO:0005575 cellular component 351 
GO:0005622 intracellular 350 
GO:0016020 membrane 255 
GO:0005634 nucleus 220 
GO:0043229 intracellular organelle 182 
GO:0043226 organelle 163 
GO:0043234 protein complex 132 
GO:0005856 cytoskeleton 99 
GO:0005576 extracellular region 69 
GO:0005783 endoplasmic reticulum 42 
GO:0031982 vesicle 36 
GO:0005739 mitochondrion 33 
GO:0043231 intracellular membrane-bounded organelle 30 
GO:0043232 intracellular non-membrane-bounded organelle 29 
GO:0005794 Golgi apparatus 28 
GO:0005694 chromosome 26 
GO:0045202 synapse 24 
GO:0031012 extracellular matrix 15 
GO:0032991 macromolecular complex 15 
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APPENDIX 3 
 
Table S4.1. List of annotated genes up-regulated in the scale tissue of Harmothoe areolata. 
SeqName BLAST description e-Value 
TRINITY_DN110059_c10_g4_i1 PREDICTED: peroxidasin homolog isoform X2 [Lingula anatina] 0 
TRINITY_DN109696_c1_g1_i1 PREDICTED: deleted in malignant brain tumors 1 protein-like [Lingula anatina] 0 
TRINITY_DN109312_c6_g1_i3 PREDICTED: solute carrier family 23 member 1 [Crassostrea gigas] 0 
TRINITY_DN95584_c0_g1_i1 hypothetical protein CAPTEDRAFT_200421 [Capitella teleta] 0 
TRINITY_DN110724_c1_g1_i6 PREDICTED: huntingtin-like [Lingula anatina] 0 
TRINITY_DN108209_c1_g1_i2 PREDICTED: CD109 antigen-like isoform X3 [Lingula anatina] 0 
TRINITY_DN110785_c1_g1_i3 PREDICTED: diacylglycerol kinase zeta-like isoform X7 [Lingula anatina] 0 
TRINITY_DN105803_c1_g1_i2 hypothetical protein LOTGIDRAFT_116541 [Lottia gigantea] 0 
TRINITY_DN109738_c0_g1_i1 PREDICTED: neurobeachin-like [Lingula anatina] 0 
TRINITY_DN109738_c0_g1_i2 PREDICTED: neurobeachin-like [Lingula anatina] 0 
TRINITY_DN96787_c3_g1_i1 PREDICTED: fibropellin-1 [Strongylocentrotus purpuratus] 4.13E-180 
TRINITY_DN89912_c142_g1_i5 cytoplasmic intermediate filament protein [Phascolion strombus] 6.54E-172 
TRINITY_DN89912_c142_g1_i4 cytoplasmic intermediate filament protein [Phascolion strombus] 7.69E-172 
TRINITY_DN100289_c8_g1_i5 hypothetical protein CAPTEDRAFT_148023 [Capitella teleta] 1.85E-169 
TRINITY_DN108857_c2_g1_i5 hypothetical protein CAPTEDRAFT_210308 [Capitella teleta] 4.44E-169 
TRINITY_DN100289_c8_g1_i9 hypothetical protein CAPTEDRAFT_148023 [Capitella teleta] 1.38E-167 
TRINITY_DN95435_c0_g1_i7 hypothetical protein LOTGIDRAFT_188698, partial [Lottia gigantea] 1.02E-142 
TRINITY_DN86167_c193_g2_i1 PREDICTED: peroxidasin-like isoform X4 [Lingula anatina] 2.54E-138 
TRINITY_DN108557_c3_g1_i1 PREDICTED: sodium-coupled monocarboxylate transporter 1 [Crassostrea gigas] 9.12E-121 
TRINITY_DN108557_c3_g1_i3 PREDICTED: sodium-coupled monocarboxylate transporter 1-like [Aplysia californica] 8.61E-111 
TRINITY_DN101568_c2_g1_i2 uncharacterized protein LOC110058310 [Orbicella faveolata] 6.80E-110 
TRINITY_DN94965_c0_g1_i2 PREDICTED: fibropellin-1-like [Saccoglossus kowalevskii] 9.43E-99 
TRINITY_DN103527_c0_g1_i5 hypothetical protein CAPTEDRAFT_205572 [Capitella teleta] 3.73E-92 
TRINITY_DN107952_c14_g1_i15 PREDICTED: 3-oxo-5-alpha-steroid 4-dehydrogenase 1-like [Lingula anatina] 5.01E-84 
TRINITY_DN107952_c14_g1_i8 PREDICTED: 3-oxo-5-alpha-steroid 4-dehydrogenase 1-like [Lingula anatina] 5.06E-84 
TRINITY_DN107952_c14_g1_i16 PREDICTED: 3-oxo-5-alpha-steroid 4-dehydrogenase 1-like [Lingula anatina] 1.70E-82 
TRINITY_DN89298_c3_g1_i5 hypothetical protein CAPTEDRAFT_210402 [Capitella teleta] 8.88E-81 
TRINITY_DN89298_c3_g1_i1 hypothetical protein CAPTEDRAFT_210402 [Capitella teleta] 9.13E-81 
TRINITY_DN96801_c0_g1_i4 hypothetical protein DICPUDRAFT_15402 [Dictyostelium purpureum] 4.49E-78 
TRINITY_DN101172_c0_g1_i1 PREDICTED: gamma-butyrobetaine dioxygenase-like [Branchiostoma belcheri] 2.79E-77 
TRINITY_DN85745_c0_g1_i1 Amiloride-sensitive amine oxidase [copper-containing] [Exaiptasia pallida] 1.02E-66 
TRINITY_DN111202_c11_g1_i4 Sodium-coupled monocarboxylate transporter 1 [Crassostrea gigas] 1.12E-66 
TRINITY_DN77187_c0_g1_i2 PREDICTED: pathogen-related protein [Crassostrea gigas] 3.29E-66 
TRINITY_DN108557_c3_g1_i5 PREDICTED: sodium-coupled monocarboxylate transporter 1 [Crassostrea gigas] 1.33E-65 
TRINITY_DN109104_c1_g1_i1 hypothetical protein LOTGIDRAFT_120790 [Lottia gigantea] 6.64E-64 
TRINITY_DN108557_c3_g1_i6 PREDICTED: sodium-coupled monocarboxylate transporter 1 [Crassostrea gigas] 7.93E-64 
TRINITY_DN108557_c3_g1_i4 PREDICTED: sodium-coupled monocarboxylate transporter 1-like [Aplysia californica] 4.32E-62 
TRINITY_DN97561_c0_g1_i2 PREDICTED: uncharacterized protein LOC105329306 isoform X1 [Crassostrea gigas] 2.56E-60 
TRINITY_DN101172_c0_g1_i2 hypothetical protein CAPTEDRAFT_152626 [Capitella teleta] 1.13E-57 
TRINITY_DN107247_c1_g4_i1 hypothetical protein CAPTEDRAFT_193861 [Capitella teleta] 1.27E-55 
TRINITY_DN86167_c193_g1_i2 PREDICTED: peroxidasin-like isoform X4 [Lingula anatina] 3.43E-52 
TRINITY_DN107247_c1_g1_i2 hypothetical protein CAPTEDRAFT_169911 [Capitella teleta] 2.14E-48 
TRINITY_DN85786_c0_g1_i2 hypothetical protein CAPTEDRAFT_219582 [Capitella teleta] 4.25E-47 
TRINITY_DN104326_c1_g1_i2 sushi domain-containing protein 2-like [Orbicella faveolata] 7.59E-45 
TRINITY_DN94423_c0_g1_i6 hypothetical protein BRAFLDRAFT_215890 [Branchiostoma floridae] 1.89E-44 
TRINITY_DN82609_c1_g1_i1 PREDICTED: uncharacterized protein LOC105347588 [Crassostrea gigas] 2.56E-44 
TRINITY_DN94423_c0_g1_i5 hypothetical protein BRAFLDRAFT_215890 [Branchiostoma floridae] 1.41E-42 
TRINITY_DN110844_c4_g1_i8 hypothetical protein CAPTEDRAFT_222792 [Capitella teleta] 2.76E-42 
TRINITY_DN94423_c0_g2_i1 hypothetical protein BRAFLDRAFT_144886 [Branchiostoma floridae] 7.39E-39 
TRINITY_DN48011_c0_g1_i1 Polycystic kidney disease protein 1-like 2 [Exaiptasia pallida] 1.30E-36 
TRINITY_DN86167_c193_g2_i2 PREDICTED: peroxidasin-like isoform X4 [Lingula anatina] 1.10E-35 
TRINITY_DN94423_c0_g1_i3 PREDICTED: fibropellin-1-like [Branchiostoma belcheri] 1.54E-34 
TRINITY_DN86167_c193_g5_i1 PREDICTED: peroxidase skpo-1-like, partial [Priapulus caudatus] 1.02E-32 
TRINITY_DN100010_c3_g1_i1 PREDICTED: uncharacterized protein LOC106161823 [Lingula anatina] 1.98E-28 
TRINITY_DN100547_c2_g1_i3 PREDICTED: serine/arginine repetitive matrix protein 2-like isoform X1  3.44E-27 
TRINITY_DN110022_c14_g5_i3 Peptidase inhibitor 16, partial [Anas platyrhynchos] 5.36E-27 
TRINITY_DN94423_c0_g2_i2 hypothetical protein BRAFLDRAFT_144886 [Branchiostoma floridae] 4.72E-26 
TRINITY_DN6250_c0_g1_i1 PREDICTED: fibropellin-3-like, partial [Strongylocentrotus purpuratus] 1.05E-25 
TRINITY_DN108679_c1_g2_i2 PREDICTED: uncharacterized protein LOC106163070 [Lingula anatina] 1.91E-25 
TRINITY_DN89912_c126_g1_i1 PREDICTED: uncharacterized protein LOC106161821 [Lingula anatina] 4.45E-24 
TRINITY_DN65188_c5_g1_i1 PREDICTED: uncharacterized protein LOC106161823 [Lingula anatina] 5.09E-24 
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TRINITY_DN89457_c4_g1_i1 PREDICTED: uncharacterized protein LOC106161821 [Lingula anatina] 7.10E-24 
TRINITY_DN99298_c8_g2_i5 von Willebrand factor D and EGF domain-containing protein [Larimichthys crocea] 9.72E-24 
TRINITY_DN106377_c1_g1_i5 PREDICTED: Williams-Beuren syndrome chromosomal region 27 protein-like  4.21E-23 
TRINITY_DN99298_c8_g2_i2 PREDICTED: von Willebrand factor D and EGF domain-containing protein-like  8.34E-18 
TRINITY_DN110022_c14_g5_i1 hypothetical protein BRAFLDRAFT_90683 [Branchiostoma floridae] 1.79E-16 
TRINITY_DN101561_c10_g1_i1 PREDICTED: uncharacterized protein LOC106161821 [Lingula anatina] 3.39E-16 
TRINITY_DN94423_c0_g1_i7 predicted protein [Nematostella vectensis] 1.78E-15 
TRINITY_DN101561_c10_g1_i3 PREDICTED: uncharacterized protein LOC106161821 [Lingula anatina] 1.83E-15 
TRINITY_DN99948_c2_g1_i1 PREDICTED: fibulin-2-like [Lingula anatina] 3.31E-15 
TRINITY_DN102286_c6_g3_i3 PREDICTED: sushi, nidogen and EGF-like domain-containing protein 1  4.29E-15 
TRINITY_DN86631_c1_g1_i2 hypothetical protein CAPTEDRAFT_173258 [Capitella teleta] 1.28E-14 
TRINITY_DN101561_c10_g1_i8 PREDICTED: uncharacterized protein LOC106161821 [Lingula anatina] 1.11E-13 
TRINITY_DN107922_c3_g3_i1 PREDICTED: multiple coagulation factor deficiency protein [Branchiostoma belcheri] 1.22E-13 
TRINITY_DN101561_c10_g2_i1 PREDICTED: uncharacterized protein LOC106161821 [Lingula anatina] 1.75E-13 
TRINITY_DN70343_c0_g1_i2 delta protein, partial [Drosophila melanogaster] 5.82E-13 
TRINITY_DN94251_c3_g2_i2 PREDICTED: periaxin-like [Bemisia tabaci] 1.16E-12 
TRINITY_DN110113_c5_g1_i3 von Willebrand factor D and EGF domain-containing protein [Corvus brachyrhynchos] 7.64E-12 
TRINITY_DN41810_c0_g1_i2 Putative 40S ribosomal protein S2 [Lichtheimia ramosa] 6.43E-11 
TRINITY_DN91255_c0_g1_i1 PREDICTED: cyclic AMP-dependent transcription factor ATF-3-like [Lingula anatina] 2.58E-10 
TRINITY_DN101087_c5_g3_i1 PREDICTED: filamin-C-like, partial [Hyalella azteca] 3.57E-10 
TRINITY_DN101561_c10_g2_i6 PREDICTED: uncharacterized protein LOC106161821 [Lingula anatina] 1.49E-09 
TRINITY_DN99492_c2_g1_i16 hypothetical protein OCBIM_22028814mg [Octopus bimaculoides] 1.56E-09 
TRINITY_DN88850_c5_g4_i3 PREDICTED: uncharacterized protein LOC106153787 [Lingula anatina] 1.75E-09 
TRINITY_DN94251_c3_g1_i2 surface protein Pls [Streptococcus agalactiae COH1] 1.86E-09 
TRINITY_DN89912_c139_g1_i6 hypothetical protein CAPTEDRAFT_21732 [Capitella teleta] 2.06E-09 
TRINITY_DN101561_c10_g2_i2 PREDICTED: uncharacterized protein LOC106161821 [Lingula anatina] 5.75E-09 
TRINITY_DN89912_c139_g1_i1 hypothetical protein CAPTEDRAFT_21732 [Capitella teleta] 5.16E-08 
TRINITY_DN88850_c5_g4_i1 PREDICTED: uncharacterized protein LOC106153787 [Lingula anatina] 9.62E-08 
TRINITY_DN94251_c3_g1_i3 Uncharacterized protein [Streptococcus agalactiae] 2.84E-07 
TRINITY_DN94251_c3_g1_i5 hypothetical protein in Plasmodium species [Plasmodium knowlesi strain H] 2.98E-06 
 
 
Figure S4.1.  Multiple sequence alignment of peroxidase homologs, including the variant up-regulated in the scale 
tissue Residues colored according to conservation; blue > 90%; green > 65%; yellow > 33%. 
 
                                                                                                                         
                                                                                                                         
Hapxt2     : M-------------------------------------FILWRKSLFLLVAIALLEVVGGSVVRP-------------------------------WSLR :   32 
Hapxt4_UP1 : M-----------KLYITSHVHKRCSDYTTGELGGKMLLRRLCSHALGVLLVCLTQLCEGQSRVSD----------------------------------- :   54 
Hapxt4     : M-----------------------------------LLRRLCSHALGVLLVCLTQLCEGQSRVSD----------------------------------- :   30 
Hapxt5     : M-------------------------------------NLQSAMWVISVVALAVLLVAGASDE-----------------------------------LP :   28 
AaePxt1    : M---------------------------------ASKVALVHLFSVVLSVSCLVASVQAASTSAN------------------------------SLTPS :   37 
AaePxt2    : M--------------------------------------AKKVLLLSLYSAVLSTWFGFGYVQCK-------------------------------LPTS :   31 
BbePOX1_41 : M-------------------NSVLPVGILQDTLVGKKEGRRIMSSVTGFLSCLLFISTLLVSGEP----------------------------------- :   46 
BfPOX1_761 : M----------------------------------------APTAILVLLASLVVVAHAHSDVLT----------------------------------- :   25 
BfPOX2_C3Y : M----------------------------------------APTAVLVLLASLVVVAHAHSDVLT----------------------------------- :   25 
BfPOX3_C3Y : M-----------ADGPVNGVNHLRNVSIYKVAMSPITVLPLYLLFIPSLLESTEAQCRGYRCCDK--------------------------GVTDCFTKT :   63 
CintPOX_40 : M----------------------------------------WTKCIAVVLFCKLVFADEQYVFDE----------------------------------- :   25 
CsavPOX1   : M----------------------------------------WFHVIIALAVCEMIVATDLKYVFD----------------------------------- :   25 
CsavPOX2   : M--------------------------------------RILTTFLLLLVSCALGEKDDLLNYDQ----------------------------------- :   27 
BtTPO_3333 : MHPPSPVNPRGQDLARDELRHNLYDKPADFLSELGYVTQAHRHEPSGLPVTCAEPAEGAGQEVQAWTTGARWVSRGAPQAGVSAGWAAPPVGPREGRAVG :  100 
HsTPO_3318 : M-------------------------------------RALAVLSVTLVMACTEAFFPFISRGKE----------------------------------- :   28 
SscTPO_332 : M-------------------------------------GARAVLGVTLAVACAGAFFASILRRKD----------------------------------- :   28 
HsMPO_3315 : M-----------------------GVPFFSSLRCMVDLGPCWAGGLTAEMKLLLALAGLLAILAT----------------------------------- :   42 
BtLPO_3331 : S--------------------------------------------------------------------------------------------------- :    1 
             M                                                                                                           
                                                                                                                         
                                                                                                                         
Hapxt2     : SKREVRTRGALCAGKEDNVLFALESDCTKYVLC-TGEYEYVASCPPSLFYDEELQACNYDEGGQCAAQMR---------------RKNEVETLETVQPET :  116 
Hapxt4_UP1 : -----------------------------------SQVRYAISLLPRMFRDAELILN------------------------------------DTLRREA :   83 
Hapxt4     : -----------------------------------SQVRYAISLLPRMFRDAELILN------------------------------------DTLRREA :   59 
Hapxt5     : SD--------YCSDQPAGSYKRHPNDCSRYVSCWSPNNFFVQSCQPGLLYDERAGVCNYASLVNCETSPRPPPVPPTRRPHAVSQRRNFLNEVSVTHRRT :  120 
AaePxt1    : GAPQLKARDTCAKNQVC--------------VADVKCKADLLELTPCSTADNTIGIC---------------------------CSTND----PSDKLWA :   92 
AaePxt2    : RSEIPNFDYTVAQQPDQSDACEQNEVCMVSVECILDAKKKAILKPCSTVPSVDGVCC---------------------------PSSEYNGTSSRVQQNS :  104 
BbePOX1_41 : ------------------------AKSKDVPNESCPGDPYVSGSILEAIGRVDRAIS------------------------------------ITEKMYD :   86 
BfPOX1_761 : ---------------------------------------------------------------------------------------------------- :    - 
BfPOX2_C3Y : ---------------------------------------------------------------------------------------------------- :    - 
BfPOX3_C3Y : GDGKLCYCEPDCTYRDDCCPDYKETCVLLDPEEHFPGDRFVMDCLNEATRRVDTVIN------------------------------------RNKEIQD :  127 
CintPOX_40 : --------------------------------TGYEGDEFAREALREAFQQVRRAIF------------------------------------RTDKSWS :   57 
CsavPOX1   : -------------------------------EQGYQGDEFLRPALREAFQQVGRAIH------------------------------------RTDKQWS :   58 
CsavPOX2   : ----------------------------------AEIDDLVRPALREAFQQVSRAIH------------------------------------RTGRRWE :   57 
BtTPO_3333 : RLMPTSRGRSWIQQARGHLADKHSGTGALRLTAGETEESQVRGIVEASRLLVDKSVY------------------------------------AAMRRNL :  164 
HsTPO_3318 : ------------------------------LLWGKPEESRVSSVLEESKRLVDTAMY------------------------------------ATMQRNL :   62 
SscTPO_332 : ------------------------------LLGGDTEASGVAGLVEASRLLVDEAIH------------------------------------TTMRRNL :   62 
HsMPO_3315 : ---------------------PQPSEGAAPAVLGEVDTSLVLSSMEEAKQLVDKAYK---------------------------ERR------ESIKQRL :   88 
BtLPO_3331 : --------------------------------------------------------------------------------------------------WE :    3 
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APPENDIX 4 
 
Table S5.1. Sequencing, assembly and venomics pipeline statistics. 
 E. complanata H. carunculata P. jeffreysii C. variopedatus S. nudus C. olivaceus 
SRA run - SRR651044 SRR1257731 - [1] [1] 
Reads - 213,277,962 39,877,015 42,587,754 45,973,825 46,265,184 
Assembly Velvet/Oases Trinity CLC Trinity CLC CLC 
Contigs 548,027 308,347 71,866 104,675 71,960 207,559 
ORFs 17,129,149 268,692 64,885 110,962 62,475 115,778 
SignalP 9,561 6,456 2,030 2,289 0 0 
Hits venomDB 611 415 212 118 NA NA 
Putative toxins 438 261 169 18 NA NA 
[1] Riesgo et al., 2012. Comparative description of ten transcriptomes of newly sequenced invertebrates and efficiency 
estimation of genomic sampling in non-model taxa. Frontiers in Zoology, 9: 33. DOI:10.1186/1742-9994-9-33 
 
 
Table S5.2. Orthologous clusters comprised of toxins from the three amphinomid species. Cluster ID, number of 
sequences in each cluster and BLAST annotation derived from the venomic pipeline assigned based on the 
representative sequence. 
 
Cluster # Seqs BLAST hit Hit ID e-Value 
cluster1 19 Phospholipase B PLB_CROAD 4.80E-64 
cluster2 16 --NA-- --NA-- --NA-- 
cluster3 14 Peptidase S1 Dib_IDBA_HmmerDomain_Hmmer_Interpro_contig_27999_minus1 2.10E-74 
cluster4 13 C-type lectin Dib_IDBA_Interpro_Hmmer_HmmerDomain_contig_63074_plus1 2.40E-08 
cluster5 12 Cystatin Fal_IDBA_Hmmer_Domain_Interpro_contig_2199_minus3 6.90E-21 
cluster6 12 Serpin Dib_IDBA_Hmmer_HmmerDomain_Interpro_contig_30816_plus3 4.80E-100 
cluster7 12 C-type lectin DMPC15179972_Ctype_Remi_BT_VG 1.10E-08 
cluster8 12 C-type lectin Dib_IDBA_HmmerDomain_Interpro_Hmmer_contig_63075_plus1 1.20E-62 
cluster13 9 Techylectin-like protein TLLP_PHONI 8.30E-50 
cluster18 9 Peptidase S1 Dib_IDBA_Hmmer_HmmerDomain_Interpro_contig_25633_minus3 6.10E-83 
cluster21 8 --NA-- --NA-- --NA-- 
cluster23 8 Basic phospholipase A2 PA2B2_NOTSC 1.10E-23 
cluster25 8 --NA-- --NA-- --NA-- 
cluster26 7 Metalloproteinase  Dib_IDBA_Hmmer_Domain_Interpro_contig_1533_plus3 2.70E-29 
cluster27 7 Peptidase S10 Dib_IDBA_Domain_Interpro_Hmmer_contig_30688_plus1 8.50E-144 
cluster31 7 Metalloproteinase  Dib_IDBA_HmmerDomain_Interpro_Hmmer_contig_1786_plus3 3.50E-43 
cluster32 7 Peptidase S10 Dib_IDBA_Interpro_HmmerDomain_Hmmer_contig_1509_plus2 --NA-- 
cluster33 7 --NA-- --NA-- --NA-- 
cluster35 7 Peptidase S1 Dib_IDBA_Hmmer_Interpro_HmmerDomain_contig_98748_minus1 9.50E-23 
cluster37 6 Peptidase S10 Dib_IDBA_Domain_Hmmer_Interpro_contig_43568_minus3 1.40E-36 
cluster44 5 --NA-- --NA-- --NA-- 
cluster51 5 Shk-like Dib_IDBA_Interpro_contig_22560_plus1 2.20E-33 
cluster52 5 --NA-- --NA-- --NA-- 
cluster56 4 --NA-- --NA-- --NA-- 
cluster57 4 Turripeptide Gsg9.2 TU92_GEMSO 3.10E-12 
cluster58 4 --NA-- --NA-- --NA-- 
cluster59 4 --NA-- --NA-- --NA-- 
cluster64 4 Metalloproteinase  Dib_IDBA_Interpro_Hmmer_HmmerDomain_contig_21907_plus1 6.20E-63 
cluster76 3 --NA-- --NA-- --NA-- 
cluster77 3 --NA-- --NA-- --NA-- 
cluster78 3 Mannose-binding lectin Q7YSZ6_RHOPR 1.00E-63 
cluster79 3 --NA-- --NA-- --NA-- 
cluster80 3 Metalloproteinase  Dib_IDBA_Interpro_Hmmer_Domain_contig_15627_minus2 5.20E-54 
cluster81 3 C-type lectin Dib_IDBA_Domain_Interpro_Hmmer_contig_30630_plus2 6.40E-47 
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Table S5.3. Orthologous clusters comprised of toxins from the three amphinomid species. Cluster ID, number of 
sequences in each cluster and annotation derived from HMM analyses. 
 
Cluster # Seqs HMM full sequence e-Value HMM domain e-Value 
cluster1 19 --NA-- --NA-- --NA-- --NA-- 
cluster2 16 Lipocalin 4.70E-24 Lipocalin 3.10E-16 
cluster3 14 Peptidase S1 1.80E-82 Peptidase S1 9.20E-72 
cluster4 13 C-type lectin 2.50E-16 C-type lectin 2.40E-09 
cluster5 12 --NA-- --NA-- Cystatin 4.70E-23 
cluster6 12 Serpin 3.60E-132 Serpin 3.30E-126 
cluster7 12 C-type lectin 7.40E-23 C-type lectin 1.30E-19 
cluster8 12 C-type lectin 1.60E-34 C-type lectin 3.90E-29 
cluster13 9 --NA-- --NA-- --NA-- --NA-- 
cluster18 9 Peptidase S1 8.90E-53 Peptidase S1 2.30E-44 
cluster21 8 Metalloproteinase M12 2.90E-14 --NA-- --NA-- 
cluster23 8 PhospholipaseA2 1.20E-15 PhospholipaseA2 2.00E-19 
cluster25 8 C-type lectin 3.30E-23 C-type lectin 7.20E-19 
cluster26 7 Metalloproteinase M12 3.90E-17 Metalloproteinase M12 9.00E-17 
cluster27 7 --NA-- --NA-- --NA-- --NA-- 
cluster31 7 --NA-- --NA-- Metalloproteinase M12 1.80E-22 
cluster32 7 Peptidase S10 4.80E-101 Peptidase S10 1.80E-104 
cluster33 7 CAP 5.00E-32 CAP 2.80E-23 
cluster35 7 Peptidase S1 9.60E-38 Peptidase S1 6.80E-34 
cluster37 6 Peptidase S10 1.10E-21 Peptidase S10 8.50E-22 
cluster44 5 C-type lectin 3.80E-28 C-type lectin 6.00E-22 
cluster51 5 --NA-- --NA-- ShK 2.40E-06 
cluster52 5 Kunitz 3.90E-26 Kunitz 8.80E-24 
cluster56 4 Metalloproteinase M12 2.90E-21 Metalloproteinase M12 1.20E-08 
cluster57 4 Kazal 5.50E-17 Kazal 4.60E-14 
cluster58 4 C-type lectin 5.90E-29 C-type lectin 9.20E-22 
cluster59 4 CAP 4.10E-51 CAP 6.60E-34 
cluster64 4 Metalloproteinase M12 7.00E-27 Metalloproteinase M12 8.50E-26 
cluster76 3 C-type lectin 1.90E-16 C-type lectin 9.50E-14 
cluster77 3 Metalloproteinase M12 2.00E-15 Metalloproteinase M12 5.30E-13 
cluster78 3 C-type lectin 9.10E-10 C-type lectin 2.40E-10 
cluster79 3 Kazal 2.50E-17 Kazal 2.80E-13 
cluster80 3 Metalloproteinase M12 2.90E-18 Metalloproteinase M12 1.60E-15 
cluster81 3 C-type lectin 1.30E-18 C-type lectin 2.00E-14 
 
 
 
 
 
 
 
 
 
 
 
 
 
164	
Figure S5.1. Phylogenetic tree of serpin-like sequences. Serpin phylogeny including sequences from venomous and 
non-venomous taxa and fireworm homologs (marked in bold). Tree reconstructed with RAxML-HPC-PTTHREADS 
v8.2.10 and support values estimated through a rapid bootstrap algorithm and 1,000 pseudo-replicates. Bootstrap 
support values are given for all nodes. 
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Figure S5.2. Phylogenetic tree of Kunitz-type protease inhibitors. Kunitz-type protease inhibitors phylogeny 
including sequences from venomous and non-venomous taxa and fireworm homologs (marked in bold). Tree 
reconstructed with RAxML-HPC-PTTHREADS v8.2.10 and support values estimated through a rapid bootstrap 
algorithm and 1,000 pseudo-replicates. Bootstrap support values are given for all nodes. 
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Figure S5.3. Phylogenetic tree of peptidase S1 serine proteases. Peptidase S1 phylogeny including sequences from 
venomous and non-venomous taxa and fireworm homologs (marked in bold). Tree reconstructed with RAxML-
HPC-PTTHREADS v8.2.10 and support values estimated through a rapid bootstrap algorithm and 1,000 pseudo-
replicates. Bootstrap support values are given for all nodes. 
 
 
 
1.0
ECPS1.6 Eurythoe complanata
GDPS1.60 Glycera dibranchiata
GDPS1.33 Glycera dibranchiata
HCPS1.3 Hermodice carunculata
DMPC15205911 Speleonectes cf. tulumensis
ECPS1.15 Eurythoe complanata
ECPS1.22 Eurythoe complanata
Q5MCS0 Hydrophis hardwickii 
Q2XXN0 Varanus mitchelli
GDPS1.98 Glycera dibranchiata
GDPS1.102 Glycera dibranchiata
GTPS1.20 Glycera tridactyla
AAB28515 Heloderma horridum
Q29474 Canis lupus familiaris
ECPS1.18 Eurythoe complanata
GDPS1.54 Glycera dibranchiata
GFPS1.22 Glycera fallax
Q76B45 Blarina brevicauda
HCPS1.9 Hermodice carunculata
GDPS1.39 Glycera dibranchiata
isotig00882 Speleonectes cf. tulumensis
GDPS1.61 Glycera dibranchiata
ECPS1.1 Eurythoe complanata
HCPS1.2 Hermodice carunculata
GDPS1.58 Glycera dibranchiata
ACJ22649 Octopus kaurna
ECPS1.10 Eurythoe complanata
GDPS1.100 Glycera dibranchiata
Q07276 Macaca fascicularis
GTPS1.19 Glycera tridactyla
isotig00346 Speleonectes cf. tulumensis 
GDPS1.84 Glycera dibranchiata
GDPS1.111 Glycera dibranchiata
GDPS1.48 Glycera dibranchiata
ECPS1.4 Eurythoe complanata
GTPS1.76 Glycera tridactyla
GTPS1.21 Glycera tridactyla
ECPS1.5 Eurythoe complanata
isotig00046 Speleonectes cf. tulumensis
GDPS1.86 Glycera dibranchiata
GDPS1.112 Glycera dibranchiata
GTPS1.90 Glycera tridactyla
GDPS1.25 Glycera dibranchiata
ECPS1.32 Eurythoe complanata
GDPS1.5 Glycera dibranchiata
HCPS1.12 Hermodice carunculata
HCPS1.5 Hermodice carunculata
isotig00055 Speleonectes cf. tulumensis
DMPC1515325 Speleonectes cf. tulumensis
XP_004071170 Oryzias latipes
GDPS1.24 Glycera dibranchiata
GDPS1.47 Glycera dibranchiata
GDPS1.107 Glycera dibranchiata
GDPS1.75 Glycera dibranchiata
XP_003469210 Cavia porcellus
GTPS1.51 Glycera tridactyla
ECPS1.17 Eurythoe complanata
GTPS1.13 Glycera tridactyla
Q8MQS8 Apis mellifera
Q2XXM0 Varanus panoptes rubidus
GDPS1.73 Glycera dibranchiata
GDPS1.101 Glycera dibranchiata
GFPS1.37 Glycera fallax
GDPS1.4 Glycera dibranchiata
PJPS1.4 Paramphinome jeffreysii
Q5FBW2 Blarina brevicauda
Q2XXN3 Varanus acanthurus
P06870 Homo sapiens
ECPS1.2 Eurythoe complanata
GDPS1.110 Glycera dibranchiata 
PJPS1.3 Paramphinome jeffreysii
GDPS1.43 Glycera dibranchiata
GFPS1.83 Glycera fallax
ECPS1.19 Eurythoe complanata
XP_003704850 Megachile rotundata
P33589 Lachesis muta muta
GDPS1.12 Glycera dibranchiata
GDPS1.85 Glycera dibranchiata
HCPS1.4 Hermodice carunculata
ECPS1.12 Eurythoe complanata
ECPS1.11 Eurythoe complanata
HCPS1.8 Hermodice carunculata
GDPS1.80 Glycera dibranchiata
GDPS1.81 Glycera dibranchiata
isotig00159 Speleonectes cf. tulumensis 
Q9PTU8 Bothrops jararaca
ECPS1.7 Eurythoe complanata
GDPS1.59 Glycera dibranchiata
GTPS1.77 Glycera tridactyla
GDPS1.99 Glycera dibranchiata 
isotig00478 Speleonectes cf. tulumensis
GDPS1.92 Glycera dibranchiata
GDPS1.70 Glycera dibranchiata
HCPS1.13 Hermodice carunculata
GDPS1.11 Glycera dibranchiata
GDPS1.35 Glycera dibranchiata
Q7Z269 Polistes dominula
HCPS1.11 Hermodice carunculata
GDPS1.6 Glycera dibranchiata
PJPS1.2 Paramphinome jeffreysii
GTPS1.29 Glycera tridactyla
GDPS1.93 Glycera dibranchiata
DMPC15203147 Speleonectes cf. tulumensis
GDPS1.53 Glycera dibranchiata
XP_003899480 Papio anubis
GDPS1.108 Glycera dibranchiata
GDPS1.64 Glycera dibranchiata
P05049 Drosophila melanogaster
ECPS1.31 Eurythoe complanata
ECPS1.8 Eurythoe complanata
EFN88016 Harpegnathos saltator
GDPS1.71 Glycera dibranchiata
ECPS1.9 Eurythoe complanata
Q7M4I3 Bombus pensylvanicus
NP_999239 Sus scrofa
NP_036857 Rattus norvegicus
GDPS1.41 Glycera dibranchiata
P43685 Heloderma horridum horridum
GDPS1.8 Glycera dibranchiata
GDPS1.105 Glycera dibranchiata
EFN86145 Harpegnathos saltator
GDPS1.10 Glycera dibranchiata
GDPS1.15 Glycera dibranchiata
EFX70866 Daphnia pulex
HCPS1.10 Hermodice carunculata
ECPS1.30 Eurythoe complanata
GTPS1.91 Glycera tridactyla
GDPS1.52 Glycera dibranchiata
GDPS1.55 Glycera dibranchiata
GDPS1.62 Glycera dibranchiata
GDPS1.103 Glycera tridactyla
GDPS1.82 Glycera dibranchiata
GDPS1.68 Glycera dibranchiata
GTPS1.34 Glycera tridactyla
DMPC15179801 Speleonectes cf. tulumensis  
GDPS1.17 Glycera dibranchiata
HCPS1.7 Hermodice carunculata 
GTPS1.30 Glycera tridactyla
ECPS1.33 Eurythoe complanata
GDPS1.63 Glycera dibranchiata
GDPS1.9 Glycera dibranchiata
ECPS1.20 Eurythoe complanata
GDPS1.31 Glycera dibranchiata
GDPS1.94 Glycera dibranchiata
ECPS1.13 Eurythoe complanata
GDPS1.45 Glycera dibranchiata
GDPS1.40 Glycera dibranchiata
O96900 Scolopendra subspinipes
GDPS1.32 Glycera dibranchiata
XP_002435839 Ixodes scapularis
ECPS1.26 Eurythoe complanata
GDPS1.44 Glycera dibranchiata
ECPS1.3 Eurythoe complanata
GDPS1.104 Glycera dibranchiata
GDPS1.74 Glycera dibranchiata
GTPS1.28 Glycera tridactyla
GDPS1.14 Glycera dibranchiata
GDPS1.38 Glycera dibranchiata
XP_003397614 Bombus terrestris
HCPS1.15 Hermodice carunculata
ECPS1.27 Eurythoe complanata
Q6T6S7 Bitis gabonica
GDPS1.109 Glycera dibranchiata 
GTPS1.66 Glycera tridactyla
DMPC15242008 Speleonectes cf. tulumensis 
GTPS1.46 Glycera dibranchiata
GDPS1.56 Glycera dibranchiata
GDPS1.42 Glycera dibranchiata
GDPS1.3 Glycera dibranchiata
GDPS1.27 Glycera dibranchiata
GDPS1.79 Glycera dibranchiata
Q5FBW2 Blarina brevicauda
GDPS1.96 Glycera dibranchiata
GDPS1.57 Glycera dibranchiata
GTPS1.78 Glycera tridactyla
ECPS1.28 Eurythoe complanata
GDPS1.87 Glycera dibranchiata
XP_002052132 Drosophila virilis
isotig00513 Speleonectes cf. tulumensis 
GDPS1.18 Glycera dibranchiata
ECPS1.23 Eurythoe complanata
ACJ22645 Octopus kaurna
GDPS1.16 Glycera dibranchiata
GTPS1.2 Glycera tridactyla
isotig00045 Speleonectes cf. tulumensis
ECPS1.16 Eurythoe complanata
ECPS1.25 Eurythoe complanata
GDPS1.106 Glycera dibranchiata
74764952 Scolopendra subspinipes
HCPS1.16 Hermodice carunculata
PJPS1.1 Paramphinome jeffreysii
HCPS1.1 Hermodice carunculata
GDPS1.49 Glycera dibranchiata
GDPS1.95 Glycera dibranchiata
GDPS1.36 Glycera dibranchiata
HCPS1.14 Hermodice carunculata
GDPS1.89 Glycera dibranchiata
GTPS1.1 Glycera tridactyla
XP_003221647 Anolis carolinensis
GDPS1.50 Glycera dibranchiata
GDPS1.97 Glycera dibranchiata
GFPS1.69 Glycera fallax
GDPS1.65 Glycera dibranchiata
XP_001602600 Nasonia vitripennis
GFPS1.23 Glycera fallax
B4KLE8 Drosophila mojavensis
GDPS1.26 Glycera dibranchiata
HCPS1.6 Hermodice carunculata
GTPS1.67 Glycera tridactyla
ECPS1.29 Eurythoe complanata
GTPS1.7 Glycera tridactyla
GTPS1.88 Glycera tridactyla
GDPS1.72 Glycera dibranchiata
ECPS1.21 Eurythoe complanata
ECPS1.14 Eurythoe complanata
ECPS1.24 Eurythoe complanata
8
4
100
100
100
9 9
2 5
7 3
2 2
9 8
100
8 7
6
100
8 3
1
1
100
6 1
5 3
8 4
3
9 6
8 9
8 0
100
6 1
8 4
8 5
9 0
9 9
1
8
6 8
6 2
100
4 5
9 3
1 3
6 1
9 8
3 7
0
5
8 4
6 9
4 2
6 5
7 1
6 4
0
2 7
0
9 9
9 5
100
100
0
6 2
3 7
0
5 3
100
9 7
100
5 6
7 9
3 4
3 2
2 4
9 9
5 3
9 9
9 6
100
8 5
7 7
5 6
2 1
7 3
9 6
0
100
100
100
6 4
9 8
9 7
100
7 4
100
1 9
1 7
2 6
9 9
100
6 6
1 7
0
3 2
8 2
4 3
8 4
3
5 1
9
9 7
9 6
0
9 9
9 4
7 6
100
8 6
9 6
2 7
1 7
1 4
5 6
2
9 7
5 6
2
100
9 8
3 8
4 7
7 9
8 9
1 8
1 7
9 7
7 9
6
100
100
4 3
5 7
0
1 0
9 9
9 6
4
100
9 2
5
3
9 9
5 6
8 9
4 2
100
9 6
100
8 4
1
100
5 1
9 8
9
3 5
2 1
0
0
9 5
4 3
7 4
100
9 7
100
9 8
3 2
6 2
8 9
7 2
2
9 9
7 2
1 7
8
3 3
6 8
2 1
9 9
6 8
9 9
2 4
9 9
6 0
100
100
9 1
9 7
6 6
8 8
1 4
2 2
7 9
5 7
3 5
9
5 2
3
9 4
100
1 9
3
3
5 0
1 5
6 7
3 3
7 9
 
167	
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1.0
ECPS1.6 Eurythoe complanata
GDPS1.60 Glycera dibranchiata
GDPS1.33 Glycera dibranchiata
HCPS1.3 Hermodice carunculata
DMPC15205911 Speleonectes cf. tulumensis
ECPS1.15 Eurythoe complanata
ECPS1.22 Eurythoe complanata
Q5MCS0 Hydrophis hardwickii 
Q2XXN0 Varanus mitchelli
GDPS1.98 Glycera dibranchiata
GDPS1.102 Glycera dibranchiata
GTPS1.20 Glycera tridactyla
AAB28515 Heloderma horridum
Q29474 Canis lupus familiaris
ECPS1.18 Eurythoe complanata
GDPS1.54 Glycera dibranchiata
GFPS1.22 Glycera fallax
Q76B45 Blarina brevicauda
HCPS1.9 Hermodice carunculata
GDPS1.39 Glycera dibranchiata
isotig00882 Speleonectes cf. tulumensis
GDPS1.61 Glycera dibranchiata
ECPS1.1 Eurythoe complanata
HCPS1.2 Hermodice carunculata
GDPS1.58 Glycera dibranchiata
ACJ22649 Octopus kaurna
ECPS1.10 Eurythoe complanata
GDPS1.100 Glycera dibranchiata
Q07276 Macaca fascicularis
GTPS1.19 Glycera tridactyla
isotig00346 Speleonectes cf. tulumensis 
GDPS1.84 Glycera dibranchiata
GDPS1.111 Glycera dibranchiata
GDPS1.48 Glycera dibranchiata
ECPS1.4 Eurythoe complanata
GTPS1.76 Glycera tridactyla
GTPS1.21 Glycera tridactyla
ECPS1.5 Eurythoe complanata
isotig00046 Speleonectes cf. tulumensis
GDPS1.86 Glycera dibranchiata
GDPS1.112 Glycera dibranchiata
GTPS1.90 Glycera tridactyla
GDPS1.25 Glycera dibranchiata
ECPS1.32 Eurythoe complanata
GDPS1.5 Glycera dibranchiata
HCPS1.12 Hermodice carunculata
HCPS1.5 Hermodice carunculata
isotig00055 Speleonectes cf. tulumensis
DMPC1515325 Speleonectes cf. tulumensis
XP_004071170 Oryzias latipes
GDPS1.24 Glycera dibranchiata
GDPS1.47 Glycera dibranchiata
GDPS1.107 Glycera dibranchiata
GDPS1.75 Glycera dibranchiata
XP_003469210 Cavia porcellus
GTPS1.51 Glycera tridactyla
ECPS1.17 Eurythoe complanata
GTPS1.13 Glycera tridactyla
Q8MQS8 Apis mellifera
Q2XXM0 Varanus panoptes rubidus
GDPS1.73 Glycera dibranchiata
GDPS1.101 Glycera dibranchiata
GFPS1.37 Glycera fallax
GDPS1.4 Glycera dibranchiata
PJPS1.4 Paramphinome jeffreysii
Q5FBW2 Blarina brevicauda
Q2XXN3 Varanus acanthurus
P06870 Homo sapiens
ECPS1.2 Eurythoe complanata
GDPS1.110 Glycera dibranchiata 
PJPS1.3 Paramphinome jeffreysii
GDPS1.43 Glycera dibranchiata
GFPS1.83 Glycera fallax
ECPS1.19 Eurythoe complanata
XP_003704850 Megachile rotundata
P33589 Lachesis muta muta
GDPS1.12 Glycera dibranchiata
GDPS1.85 Glycera dibranchiata
HCPS1.4 Hermodice carunculata
ECPS1.12 Eurythoe complanata
ECPS1.11 Eurythoe complanata
HCPS1.8 Hermodice carunculata
GDPS1.80 Glycera dibranchiata
GDPS1.81 Glycera dibranchiata
isotig00159 Speleonectes cf. tulumensis 
Q9PTU8 Bothrops jararaca
ECPS1.7 Eurythoe complanata
GDPS1.59 Glycera dibranchiata
GTPS1.77 Glycera tridactyla
GDPS1.99 Glycera dibranchiata 
isotig00478 Speleonectes cf. tulumensis
GDPS1.92 Glycera dibranchiata
GDPS1.70 Glycera dibranchiata
HCPS1.13 Hermodice carunculata
GDPS1.11 Glycera dibranchiata
GDPS1.35 Glycera dibranchiata
Q7Z269 Polistes dominula
HCPS1.11 Hermodice carunculata
GDPS1.6 Glycera dibranchiata
PJPS1.2 Paramphinome jeffreysii
GTPS1.29 Glycera tridactyla
GDPS1.93 Glycera dibranchiata
DMPC15203147 Speleonectes cf. tulumensis
GDPS1.53 Glycera dibranchiata
XP_003899480 Papio anubis
GDPS1.108 Glycera dibranchiata
GDPS1.64 Glycera dibranchiata
P05049 Drosophila melanogaster
ECPS1.31 Eurythoe complanata
ECPS1.8 Eurythoe complanata
EFN88016 Harpegnathos saltator
GDPS1.71 Glycera dibranchiata
ECPS1.9 Eurythoe complanata
Q7M4I3 Bombus pensylvanicus
NP_999239 Sus scrofa
NP_036857 Rattus norvegicus
GDPS1.41 Glycera dibranchiata
P43685 Heloderma horridum horridum
GDPS1.8 Glycera dibranchiata
GDPS1.105 Glycera dibranchiata
EFN86145 Harpegnathos saltator
GDPS1.10 Glycera dibranchiata
GDPS1.15 Glycera dibranchiata
EFX70866 Daphnia pulex
HCPS1.10 Hermodice carunculata
ECPS1.30 Eurythoe complanata
GTPS1.91 Glycera tridactyla
GDPS1.52 Glycera dibranchiata
GDPS1.55 Glycera dibranchiata
GDPS1.62 Glycera dibranchiata
GDPS1.103 Glycera tridactyla
GDPS1.82 Glycera dibranchiata
GDPS1.68 Glycera dibranchiata
GTPS1.34 Glycera tridactyla
DMPC15179801 Speleonectes cf. tulumensis  
GDPS1.17 Glycera dibranchiata
HCPS1.7 Hermodice carunculata 
GTPS1.30 Glycera tridactyla
ECPS1.33 Eurythoe complanata
GDPS1.63 Glycera dibranchiata
GDPS1.9 Glycera dibranchiata
ECPS1.20 Eurythoe complanata
GDPS1.31 Glycera dibranchiata
GDPS1.94 Glycera dibranchiata
ECPS1.13 Eurythoe complanata
GDPS1.45 Glycera dibranchiata
GDPS1.40 Glycera dibranchiata
O96900 Scolopendra subspinipes
GDPS1.32 Glycera dibranchiata
XP_002435839 Ixodes scapularis
ECPS1.26 Eurythoe complanata
GDPS1.44 Glycera dibranchiata
ECPS1.3 Eurythoe complanata
GDPS1.104 Glycera dibranchiata
GDPS1.74 Glycera dibranchiata
GTPS1.28 Glycera tridactyla
GDPS1.14 Glycera dibranchiata
GDPS1.38 Glycera dibranchiata
XP_003397614 Bombus terrestris
HCPS1.15 Hermodice carunculata
ECPS1.27 Eurythoe complanata
Q6T6S7 Bitis gabonica
GDPS1.109 Glycera dibranchiata 
GTPS1.66 Glycera tridactyla
DMPC15242008 Speleonectes cf. tulumensis 
GTPS1.46 Glycera dibranchiata
GDPS1.56 Glycera dibranchiata
GDPS1.42 Glycera dibranchiata
GDPS1.3 Glycera dibranchiata
GDPS1.27 Glycera dibranchiata
GDPS1.79 Glycera dibranchiata
Q5FBW2 Blarina brevicauda
GDPS1.96 Glycera dibranchiata
GDPS1.57 Glycera dibranchiata
GTPS1.78 Glycera tridactyla
ECPS1.28 Eurythoe complanata
GDPS1.87 Glycera dibranchiata
XP_002052132 Drosophila virilis
isotig00513 Speleonectes cf. tulumensis 
GDPS1.18 Glycera dibranchiata
ECPS1.23 Eurythoe complanata
ACJ22645 Octopus kaurna
GDPS1.16 Glycera dibranchiata
GTPS1.2 Glycera tridactyla
isotig00045 Speleonectes cf. tulumensis
ECPS1.16 Eurythoe complanata
ECPS1.25 Eurythoe complanata
GDPS1.106 Glycera dibranchiata
74764952 Scolopendra subspinipes
HCPS1.16 Hermodice carunculata
PJPS1.1 Paramphinome jeffreysii
HCPS1.1 Hermodice carunculata
GDPS1.49 Glycera dibranchiata
GDPS1.95 Glycera dibranchiata
GDPS1.36 Glycera dibranchiata
HCPS1.14 Hermodice carunculata
GDPS1.89 Glycera dibranchiata
GTPS1.1 Glycera tridactyla
XP_003221647 Anolis carolinensis
GDPS1.50 Glycera dibranchiata
GDPS1.97 Glycera dibranchiata
GFPS1.69 Glycera fallax
GDPS1.65 Glycera dibranchiata
XP_001602600 Nasonia vitripennis
GFPS1.23 Glycera fallax
B4KLE8 Drosophila mojavensis
GDPS1.26 Glycera dibranchiata
HCPS1.6 Hermodice carunculata
GTPS1.67 Glycera tridactyla
ECPS1.29 Eurythoe complanata
GTPS1.7 Glycera tridactyla
GTPS1.88 Glycera tridactyla
GDPS1.72 Glycera dibranchiata
ECPS1.21 Eurythoe complanata
ECPS1.14 Eurythoe complanata
ECPS1.24 Eurythoe complanata
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Figure S5.4. Phylogenetic tree of peptidase S10 serine proteases. Peptidase S10 phylogeny including sequences 
from venomous and non-venomous taxa and fireworm homologs (marked in bold). Tree reconstructed with 
RAxML-HPC-PTTHREADS v8.2.10 and support values estimated through a rapid bootstrap algorithm and 1,000 
pseudo-replicates. Bootstrap support values are given for all nodes. 
 
 
 
 
0.8
A8WH57 Xenopus laevis
GTPS10.8 Glycera tridactyla
GTPS10.9 Glycera tridactyla
GDPS10.21 Glycera dibranchiata
J9JIP5 Acyrthosiphon pisum
GDPS10.22 Glycera dibranchiata
GDPS10.1 Glycera dibranchiata
ECPS10.5 Eurythoe complanata 
E3TGS7 Eriocheir sinensis
B7QL18 Ixodes scapularis
GTPS10.3 Glycera tridactyla
G6CI99 Danaus plexippus
GDPS10.27 Glycera dibranchiata
GDPS10.5 Glycera dibranchiata
isotig00119 Speleonectes cf. tulumensis
B3SNT4 Triatoma brasiliensis
Q7ZU43 Danio rerio
H2LTH1 Oryzias latipes
PJPS10.3 Paramphinome jeffreysii
P42660 Aedes aegypti 
K7IV07 Nasonia vitripennis
ECPS10.2 Eurythoe complanata 
PJPS10.2 Paramphinome jeffreysii
GDPS10.16 Glycera dibranchiata
E3WWF6 Anopheles darlingi 
D7EHX7 Tribolium castaneum
PJPS10.4 Paramphinome jeffreysii
GTPS10.23 Glycera tridactyla
Q49B95 Sitodiplosis mosellana
G2HH61 Pan troglodytes
GDPS10.15 Glycera dibranchiata
E2BR37 Harpegnathos saltator
GDPS10.14 Glycera dibranchiata
GTPS10.25 Glycera tridactyla
F7D0S5 Ornithorhynchus anatinus
Q101N9 Triatoma infestans
B7PC00 Ixodes scapularis
HCPS10.1 Hermodice carunculata
GDPS10.2 Glycera dibranchiata
isotig00121 Speleonectes cf. tulumensis
GDPS10.6 Glycera dibranchiata
GDPS10.13 Glycera dibranchiata
ECPS10.6 Eurythoe complanata
ECPS10.1 Eurythoe complanata 
C1BPZ3 Caligus rogercresseyi 
D2GVB0 Ailuropoda melanoleuca
ECPS10.4 Eurythoe complanata 
B0WT67 Culex quinquefasciatus
GDPS10.12 Glycera dibranchiata
isotig00120 Speleonectes cf. tulumensis
H9GCB0 Anolis carolinensis
K7J463 Nasonia vitripennis
L5KLT5 Pteropus alecto
HCPS10.3 Hermodice carunculata
PJPS10.5 Paramphinome jeffreysii
I4DN75 Papilio xuthus
F4X0L6 Acromyrmex echinatior
Q7QJG6 Anopheles gambiae
DMPC15261778 Speleonectes cf. tulumensis
H9HTW7 Atta cephalotes
HCPS10.2 Hermodice carunculata
HCPS10.4 Hermodice carunculata
K7IV06 Nasonia vitripennis
C9WMM5 Apis mellifera
GDPS10.11 Glycera dibranchiata
H9JTB1 Bombyx mori 
GDPS10.26 Glycera dibranchiata
GTPS10.20 Glycera tridactyla
ECPS10.3 Eurythoe complanata 
GDPS10.17 Glycera dibranchiata
Q28DC5 Xenopus tropicalis
GDPS10.24 Glycera dibranchiata
GDPS10.19 Glycera dibranchiata
K1Q7K0 Crassostrea gigas
B7PI01 Ixodes scapularis
Q1KL01 Takifugu rubripes
B3KW79 Homo sapiens
Q175U3 Aedes aegypti
B3SNT5 Triatoma brasiliensis
DMPC15244955 Speleonectes cf. tulumensis
G1TBX4 Oryctolagus cuniculus
GDPS10.7 Glycera dibranchiata
Q16W90 Aedes aegypti
GDPS10.4 Glycera dibranchiata
E2AY00 Camponotus floridanus
K7GBC6 Pelodiscus sinensis 
GTPS10.18 Glycera tridactyla
A8DSV5 Haplochromis burtoni
GDPS10.10 Glycera dibranchiata
J3SE72 Crotalus adamanteus 
F7HLR8 Callithrix jacchus
PJPS10.1 Paramphinome jeffreysii
HCPS10.5 Hermodice carunculata
B0WNR6 Culex quinquefasciatus
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Figure S5.5. Phylogenetic tree of CAP sequences. CAP phylogeny including sequences from venomous and non-
venomous taxa and fireworm homologs (marked in bold). Tree reconstructed with RAxML-HPC-PTTHREADS 
v8.2.10 and support values estimated through a rapid bootstrap algorithm and 1,000 pseudo-replicates. Bootstrap 
support values are given for all nodes. 
 
 
 
0.6
GTCAP3 Glycera trydactila
P0C8D5 Scolopendra angulata
GDCAP15 Glycera dibranchiata
P12020 Rattus norvegicus
DMPC15232279 Speleonectes cf. tulumensis
E2C0M8 Harpegnathos saltator 
DMPC15154704 Speleonectes cf. tulumensis
Q05108 Dolichovespula arenaria
GTCAP5 Glycera trydactila
B0X6A2 Culex quinquefasciatus
D8VNS1 Cerberus rynchops
A9QQ26 Lycosa singoriensis 
isotig00515 Speleonectes cf. tulumensis 
DMPC15260242 Speleonectes cf. tulumensis
P54107 Homo sapiens
14 Glycera dibranchiata
E2ABL5 VA3 Camponotus floridanus
B0WA83 Culex quinquefasciatus
GTCAP4 Glycera trydactila
GTCAP7 Glycera trydactila
P81657 Vespa mandarinia
F7BG06 Ornithorhynchus anatinus
C0ITL3 Pachycondyla chinensis 
G3CJR9 Dipetalogaster maximus
Q16TE8 Aedes aegypti
P81656 Polistes dominula
Q7T1K6 Naja atra
Q09JX8 Argas monolakensis
HCCAP1 Hermodice carunculata
H9JDP7 Bombyx mori
A6YPK1 Triatoma infestans
F4WYD5 Acromyrmex echinatior
P10737 Dolichovespula maculata 
Q7Z0B5 Stomoxys calcitrans
PJCAP1 Paramphinome jeffreysii
P86870 Vespa magnifica
Q91055 Heloderma horridum horridum
E2AXW1 Camponotus floridanus
GDCAP8 Glycera dibranchiata
Q03402 Mus musculus
P85840 Tityus serrulatus 
DMPC15252648 Speleonectes cf. tulumensis
B8RJB0 Culex tarsalis
Q2XXR1 Varanus acanthurus
P0C8D4 Scolopendra angulata
H2V7I3 Takifugu rubripes
isotig00538 Speleonectes cf. tulumensis
E2J7I3 Triatoma matogrossensis
Q4PN19 Ixodes scapularis 
ECCAP2 Eurythoe complanata 
Q06K33 Phlebotomus duboscqi 
GDCAP4 Glycera dibranchiata
GDCAP1 Glycera dibranchiata
Q8JGT9 Rhabdophis tigrinus tigrinus
B6Z1W7 Hapalochlaena maculosa
Q2XXP1 Varanus acanthurus
DMPC15199174 Speleonectes cf. tulumensis 
ECCAP1 Eurythoe complanata 
DMPC15206585 Speleonectes cf. tulumensis
H2STK1 Takifugu rubripes
P0C8D7 Scolopendra viridicornis nigra 
DMPC15157190 Speleonectes cf. tulumensis
DMPC15185027 Speleonectes cf. tulumensis
Q09JS2 Argas monolakensis
DMPC15244538 Speleonectes cf. tulumensis
GTCAP2 Glycera trydactila
GDCAP9 Glycera dibranchiata
P10736 Dolichovespula maculata
PJCAP2 Paramphinome jeffreysii
B0WYR5 Culex quinquefasciatus
GDCAP5 Glycera dibranchiata
GDCAP7 Glycera dibranchiata
HCCAP2 Hermodice carunculata
DMPC15220935 Speleonectes cf. tulumensis
P35786 Vespula squamosa
B0WA81 Culex quinquefasciatus
B2MVK7 Rhynchium brunneum
H2SDU2 Takifugu rubripes
Q9NH66 Ctenocephalides felis
Q7YSZ5 Rhodnius prolixus
Q2L6Z1 Vespula maculifrons
DMPC15197540 Speleonectes cf. tulumensis 
E9G0Y4 Daphnia pulex
Q7YT83 Conus textile 
DMPC15191691 Speleonectes cf. tulumensis
P35780 Polistes fuscatus
GDCAP10 Glycera dibranchiata
D4P2Y4 Polybia paulista
Q05109 Polistes annularis
C5J8B3 Opisthacanthus cayaporum 
GDCAP11 Glycera dibranchiata
A1BQQ5 Conus marmoreus
GDCAP3 Glycera dibranchiata
13 Glycera dibranchiata
P51408 Homo sapiens
DMPC15187840 Speleonectes cf. tulumensis
C1BMF7 Caligus rogercresseyi 
GTCAP1 Glycera trydactila
D1FPJ9 Cimex lectularius 
Q9XSD3 Macaca mulatta
P35782 Vespa crabro
GTCAP6 Glycera trydactila
F7BG16 Ornithorhynchus anatinus
P35784 Vespula germanica
P35778 Solenopsis invicta
Q8JI39 Protobothrops flavoviridis
P35779 Solenopsis richteri 
Q05110 Vespula vulgaris
GDCAP6 Glycera dibranchiata
12 Glycera dibranchiata
F1CJ75 Hottentotta judaicus 
DMPC15232588 Speleonectes cf. tulumensis
E9FY19 Daphnia pulex 
GFCAP1 Glycera fallax
P86686 Polybia paulista
GDCAP2 Glycera dibranchiata
DMPC15255883 Speleonectes cf. tulumensis
DMPC15225607 Speleonectes cf. tulumensis1
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Figure S5.6. Phylogenetic tree of C-type lectin-like sequences. C-type lectin phylogeny including sequences from 
venomous and non-venomous taxa and fireworm homologs (marked in bold). Tree reconstructed with RAxML-
HPC-PTTHREADS v8.2.10 and support values estimated through a rapid bootstrap algorithm and 1,000 pseudo-
replicates. Bootstrap support values are given for all nodes. 
 
 
 
 
 
 
 
 
1.0
P21963 Crotalus atrox
Q9P126 Homo sapiens
ECCLEC17 Eurythoe complanata
GDCLEC25 Glycera dibranchiata
GFCLEC36 Glycera fallax
GTCLEC17 Glycera trydactila
GDCLEC13 Glycera dibranchaita
GDCLEC26 Glycera dibranchiata
DMPC15196769 Speleonectes cf. tulumensis
D7NVW7 Penaeus japonicus
Q2F680 Bombyx mori
ECCLEC8 Eurythoe complanata
B0WIF2 Culex quinquefasciatus
Q149M0 Mus musculus
DMPC15209466 Speleonectes cf. tulumensis
D2YVI2 Pseudechis australis
HCCLEC3 Hermodice carunculata
ECCLEC11 Eurythoe complanata
ECCLEC4 Eurythoe complanata
ECCLEC12 Eurythoe complanata
GDCLEC1 Glycera dibranchiata
GDCLEC2 Glycera dibranchiata
PJCLEC5 Paramphinome jeffreysii
GDCLEC7 Glycera dibranchiata
GDCLEC24 Glycera dibranchiata
HCCLEC4 Hermodice carunculata
PJCLEC6 Paramphinome jeffreysii
I6VVL1 Macrobrachium rosenbergii
Q6X5S3 Echis pyramidum leakeyi
GDCLEC15 Glycera dibranchaita
ECCLEC10 Eurythoe complanata
E2CV62 Penaeus japonicus
ECCLEC5 Eurythoe complanata
G6DK79 Danaus plexippus
P83519 Bothrops jararacussu
GFCLEC18 Glycera fallax
JL138969 Speleonectes cf. tulumensis
PJCLEC3 Paramphinome jeffreysii
Q90WI6 Bungarus multicinctus
ECCLEC1 Eurythoe complanata
GDCLEC10 Glycera dibranchaita
Q7YSZ6 Rhodnius prolixus
DMPC15160990 Speleonectes cf. tulumensis
GDCLEC34 Glycera dibranchiata
D2T086 Eriocheir sinensis
DMPC15179972 Speleonectes cf. tulumensis
DMPC15159052 Speleonectes cf. tulumensis
ECCLEC7 Eurythoe complanata
P16108 Polyandrocarpa misakiensis
ECCLEC6 Eurythoe complanata
GFCLEC14 Glycera fallax
HCCLEC2 Hermodice carunculata
DMPC15150760 Speleonectes cf. tulumensis
Q9PSM4 Lachesis stenophrys
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Figure S5.7. Phylogenetic tree of phospholipase-like sequences. Phospholipase phylogeny including sequences 
from venomous and non-venomous taxa and fireworm homologs (marked in bold). Tree reconstructed with 
RAxML-HPC-PTTHREADS v8.2.10 and support values estimated through a rapid bootstrap algorithm and 1,000 
pseudo-replicates. Bootstrap support values are given for all nodes. 
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APPENDIX 5 
 
Table S6.1. Orthologous clusters comprised of sequences from the three predatory species. Cluster ID, number of 
sequences in each cluster, and annotation derived from the venomic pipeline assigned based on the representative 
sequence.  
 
Cluster # Seqs BLAST  e-Value HMMER  e-Value 
cluster5 25 #N/A #N/A Kazal 3.2E-70 
cluster15 14 #N/A #N/A C-type 1.9E-110 
cluster16 13 #N/A #N/A ShK 1.3E-61 
cluster27 10 #N/A #N/A PS1 4.9E-76 
cluster34 9 #N/A #N/A C-type lectin 2.8E-106 
cluster39 8 #N/A #N/A Actinoporin 6E-34 
cluster47 7 #N/A #N/A Kazal 3.2E-70 
cluster49 7 #N/A #N/A PS1 4.9E-76 
cluster55 6 #N/A #N/A CAP 2.8E-43 
cluster63 6 #N/A #N/A C-type lectin 1.9E-110 
cluster69 5 #N/A #N/A C-type lectin 5.1E-26 
cluster70 5 #N/A #N/A Kunitz 1.7E-38 
cluster71 5 #N/A #N/A M12 2E-33 
cluster72 5 #N/A #N/A CAP 1.9E-40 
cluster76 5 #N/A #N/A C-type lectin 1.9E-110 
cluster84 5 #N/A #N/A C-type lectin 1.9E-110 
cluster85 5 #N/A #N/A PS10 2.7E-121 
cluster93 4 Turripeptide Lol9.1 1.58821E-20 Kazal 6.9E-25 
cluster95 4 FCNV4_CERRY Ryncolin-4 OS=Cerberus rynchops 1.24452E-29 #N/A #N/A 
cluster111 4 #N/A #N/A Kazal 3.5E-107 
cluster115 4 #N/A #N/A CAP 7.6E-42 
cluster120 4 FCNV2_CERRY Ryncolin-2 OS=Cerberus rynchops 6.91273E-48 #N/A #N/A 
cluster174 3 #N/A #N/A Kazal 3.2E-70 
cluster175 3 DNA2_ACAPL Plancitoxin-1 OS=Acanthaster planci 1.23975E-38 #N/A #N/A 
cluster178 3 7824serpin_Dib_IDBA_ omain_Hmmer_Interpro_contig_16844 3.93489E-20 Serpin 6.8E-22 
cluster179 3 VKT3_BITGA Kunitz-type serine protease inhibitor Bitis gabonica 4.84965E-07 Kunitz 1.3E-10 
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